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FOREWORD 


The research presented here was supported by the National 
Science Foundation under the RANN program (Research Applied to 
National Needs), and monitored by the Government-Industry Research 
Committee on Fabric Flammability. The opportunity to participate 
in this nationally coordinated research effort is greatly appreciated. 

The project was carried out in the Fire Hazard and Combustion 
Research Laboratory of the School of Mechanical Engineering under 
the Principal Investigators Dr. Wolfgang Wulff and Dr. Novak Zuber. 
Dr. Arthur E. Bergles assisted in the supervision of some of the 
graduate research assistants during the first eight months of the 
program, specifically in executing fabric ignition temperature 
measurements, preliminary design from specified concepts and 
construction on the Ignition Time Apparatus, on the guarded hot 
plate, as well as initial testing on that equipment. 

During the course of the work, the main research assistants 
involved were Messers. Alexandros Alkidas and Richard W. Hess, 
both Ph.D. candidates. Mr. Alkidas carried out a large number of 
property measurements (ignition temperature, enthalpy, conductivity) 
and assisted in the analysis. Mr. Hess is responsible for the final, 
successful construction of the Ignition Time Apparatus and the 
guarded hot plate, as well as the majority of the ignition time 


measurements. 
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Also assisting in this research were the M.S. candidates 
Mrs. Mary J. Kirkpatrick (literature survey on fabric thermal 
Gonductivity and specific heat), Mr. Carroll S. Kirkpatrick (design 
assistance and preliminary construction of the Ignition Time 
Apparatus), Mr. Edward Champion (fabric enthalpy measurements ) 
and Mr. William Giddens (fabric conductance measurements). 
Mr. Ronald L. Mays, an undergraduate senior, carried out the 
optical property measurements. 

The participation of the graduate research assistants has 
been supported in part by the School of Mechanical Engineering 
under the matching fund provision of the grant. The NSF grant in 


support of this research is greatly appreciated. 


Stothe P. Kezios, Director 
School of Mechanical Engineering 


December 29, 1971 
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ABSTRACT 


This Final Report presents the research carried out during 
the time from November 1, 1970 through October 31, 1971, on the 
portion of the analytical and experimental program administered 
by the Government-Industry Research Committee on Fabric Flammability 
(GIRCFF) which has been performed at the Georgia Institute of 
Technology. The report includes also research carried out between 
the end of the contract period and the due date of the final 
reponeyewanvlary, 1, 1972. 

The hazard from fabric-related burn injuries is shown to be 
related to the probability of fabric ignition for given exposure 
to a heat source. The probability of fabric ignition under given 
exposure depends on the ratio of fabric ignition time to exposure 
time; hence the ignition time is an important characteristic 
required to assess the hazards of fabric-related burn injuries. 
An experimental and analytical program has been carried out to 
predict the fabric ignition time as function of exposure parameters 
and fabric properties. 
‘The objective of the experimental phase is two-fold, firstly, 
to measure the ignition times of a selected set of cotton, nylon, 
polyester and acetate fabrics and blends, at well defined exposure 
and fabric conditions, secondly to measure, on the same fabrics, 
the thermophysical properties which characterize the ignition 
process. These properties are the thermal conductance, the specific 
heat, the mass per unit area, the ignition or melting temperature, 


further the optical properties infrared reflectance and transmittance 
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and the reaction kinetic parameters activation energy, pre-exponential 
factor and reaction enthalpy. During the first program period 
reported herein, ignition time was measured under radiative fabric 
heating, and all of the properties were measured, except the 
reaction kinetic parameters. 

The objective of the analytical phase is to predict fabric 
ignition time as a function of fabric properties and exposure 
pon ons. A complete modeling analysis was performed to establish 
the modeling rules necessary for the prediction of fabric ignition 
time. Partial modeling rules are discussed, and error estimates 
appropriate for partial modeling are presented. Modeling experi- 


ments are specified which are required to predict ignition time. 


Results 

Thermal conductance was measured in a guarded hot plate for 
Single layers of fabrics in the temperature range from 70°C to 
200°C at the contact pressures of 528,866 and 1,370 yan! The 
thermal conductance, i.e. the ratio of thermal conductivity to 
fabric thickness, was found to vary between 60 and 300 W/m-C) and 
to increase almost linearly with increasing temperature and 
pressure, by a factor of up to two. 

The specific heat measurements were obtained from enthalpy 
measurements in a drop calorimeter, carried out in the temperature 
range between 100°C and 200°C. The enthalpy versus temperature 


data were graphically smoothed, represented by a power polynomial, 


and the results were differentiated with respect to temperature. 
Specific heats were found to vary between 1.2 and 2.5 Ws/(g C) and 


to agree well with previously published data. 
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The fabric auto ignition temperature was measured by immersion 
of the fabric into a modified, preheated Setchkin furnace, flushed 
by preheated air at the velocity of 0.61 m/S. Pilot ignition 
temperatures were measured by triggering intermittently a small 
electric arc near the sample. Melting temperatures are recorded 
for fabrics which melt prior to ignition. Thermoplastic fabrics 
were found to melt above 230°C while cellulosic fabrics ignited 
at temperatures between 280°C and 500°C. 

Optical properties were measured in an integrating sphere 
reflectometer under infrared irradiation. By measuring the 
apparent reflectance of the fabric, once with a reflecting and 
once with an absorbing background, both the reflectance and the 
transmittance were obtained. Most fabrics proved to absorb approxi- 
mately 20% of the incident radiant flux. 

A special Ignition Time Apparatus was designed and constructed, 
Capable of exposing a 1 in.-diameter fabric sample area to a 
uniform, constant radiant heating pulse of 0.25 to 16.0 ene with 
transients of no more than 5 ms. The energy transmitted through 
the fabric during the ignition process was monitored by a thermo- 
electric heat flux meter and the instant of fabric destruction (melt- 
through or ignition of back face) was sensed by an infrared detector. 
Ignition times were obtained between 1 and 70 s. 

Detailed, distributed-parameter ignition models and simplified 
analyses based on lumped-parameter models were considered. Governing 
differential equations were integrated numerically. Seven character- 


istic groups were established which govern the heating and reaction 
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processes. Resulting ignition times are compared with experimentally 
obtained ignition times. The comparison shows the significance of 


PyLOLvVeiS prior! to ignition. 
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N =(k/é}t/[e(ps) 1, Fourier number, normalized time 


0: ¢ heat loss from calorimeter 

q volumetric heat source 

R ohmic resistance 

R universal gas constant 

fi absolute temperature, Kelvin or Rankine scales 

c relative temperature, Centigrade or Fahrenheit scale 

t time, absolute 

U voltage 

W radiant heat flux 

wW* normalized radiant heat flux 

x distance 

x* = x/6 normalized thickness 

Oo radiative absorptance 

6 fabric thickness 

6,A signal rise, difference 

€ mass fraction decomposed by completed pyrolysis 

vs (T - TACT = T)) normalized temperature 

K extinction coefficient 

K* = Ks Optical "thickness .coLifabric 

r mass fraction reacted 

Tor Tyr Tor Tar Tar Tor Te parameters, defined by Equations III- 
ZO ne ey Sy Taye ean 245 

) fabric density 

QO, p radiative reflectance 

ig time, (in Appendix B) 

T non-dimensional time 


XV1 


ill 


elapse tiordneuist 20 ebaipisagd 1 STSRT ORT svddelet 


ae i oT 
7 va ie 
et H ; we, ; 
Vip thaa\ic anus \ ia 
" F a? t f Ans 
ey emis p Deshtewson xp 
TWh Neal | ohn <aecicaapn eae eek 


SOU Oe neat sistemtor 
spaaseleet: ete 


| $nedaNOd ‘app) fees 
aaisna oadistned 2o atvloa viudaregmet ina 


ssutoads mid 

apealov 

“It seed tas Ler 
yal dood tnedbes beri Semon: 
pinata 

anento tds hes iismron 

songiquoeds evissitbar 

seontolds obidst 

: anonstsetZib . aks ésqple 
bicnah hai baselgmos yl hoaognensh nottesxt ease 
ouurtaregmes bes tl ema out Ah im g TINA oF 
sneioLtises notjontixe 
aixdsi 20 seomioids faoas go 


cf Heinsss, doLtosxt agen 


Bees enoizaups bia bonit eb xed omtese 37 sak sat re™ 1g 
£2 ibae Sh Mee 88 a ss | 


ae PoRnh wort . i 


a radiative transmittance 


) exponent, defined by Equation III-10 


subscripts, superscripts: 


a apparent 

a air gap 

b background 

c calorimeter 

cl at center line in fabric, at end of test 
& with empty reflectometer sphere 
ex, en exothermic, endothermic 

- fabric 

4 ignition 

n at end of test 

r reference surface 

Ss sample 

W water 

6 at x =6 

O incident 

Dileep designates particular instances 
eo environment 

prime derivative, slope 

normalized 
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1 INTRODUCTION AND PROGRAM OBJECTIVE 
Aw introduction 
ale Relevance of the Fabric Flammability Hazard Problem 


The Flammable Fabrics Act as amended demands that the Secretary 
of Commerce establish reasonable criteria or standard tests to 
be imposed on fabrics so as to protect the public from excessive 
hazards of fabric related burn injuries. In order to establish 
the technical and scientific foundation for the required legislation, 
the United States textile industry and the United States Government 
have initiated a cooperative effort in sponsoring, jointly, research 
programs designed to lay down this foundation. The task of 
formulating and administrating these programs has been delegated 
to the Government-Industry Research Committee on Fabric Flammability. 

In initiating the research in support of the Flammable Fabrics 
Act, the Government-Industry Research Committee made the following 
statement in Reference cea 

"The determination of the relationship between fabric behavior 
in a test method, on the one hand, and the hazard it presents in 
actual use, on the other, is necessary in order to develop meaningful 
standards." 

The determination of this relation can be considered therefore 


as the central problem of fabric flammability studies. 


* 
Numbers in brackets refer to the Bibliography. 
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2s Formulation of the Fabric Flammability Hazard Problem 


It was proposed, apparently first in Reference [II-2], that 
the above relation between the behavior of fabric in a laboratory 
experiment and the hazard it presents in actual use, can be formu- 
lated in terms of probabilities. Among the several probabilities 
shown in the decision tree of Reference [II-2], two probabilities 
were Singled out by the Government-Industry Research Committee 
as being of particular importance. These were: the probability 
of ignition given exposure, P(I/E), and the probability of burn 
Piyury given ignition (P(B/1). 

The primary purpose of the research outlined by the Government- 
Industry Research Committee in Reference [II-1] was to "determine 
what properties of a fabric are important in determining the values 
Peery) and P(B/1),." 

In a discussion of the importance of these two probabilities 
it was noted in Reference [II-1], that the determination of the 
probability of ignition P(I/E), as function of the time it takes 
to ignite a fabric "would be an enormous step forward in our under- 
standing of the relationships between material performance and 
hazard." Whereas it was noted with respect to the probability of 
burn-injury P(B/I), that "the as€ethinshrenhets this function for 
various levels of fabric flammability would be one of the most 
desirable outcomes of the present work." 

It was first shown in Reference [II-3] how modeling analysis 
and experiments can be used to obtain the probability of ignition 


P(1/E) as well as the probability of burn injury P(B/I). 
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In particular, it was shown in Reference [II-3], how the 
probability of ignition P(I/E) curve can be obtained and expressed 
in terms of: 1) physical properties and dimensions of the fabric 
material, 2) physical processes such as heat and mass transfer, 
etc., and 3) human responses and reaction. 

Similarly, it was discussed and illustrated in Reference [II-3], 
how the probability of burn injury P(B/I) curve can be obtained 
and expressed as a function of: 1) physical properties and 
dimensions of the fabric material, 2) physical processes such as 
combustion, flame propagation, heat and mass transfer, 3) physical 
characteristics of human skin, and 4) human responses and reactions. 

The investigations which are being carried out in the School 
of Mechanical Engineering of Georgia Tech under the sponsorship of 
the Government-Industry Research Committee on Fabric Flammability 
(GIRCFF), are designed to provide the modeling rules and experimental 
data which are required for determining the probability of ignition 


P(I/E) curve. 


B. Program Objective 


With the ultimate goal of predicting the ignition probability 
P(I/E) in mind, the objective of the Paveneeh reported herein 
has been established [I-3] to be the prediction of fabric ignition 
time as a function of fabric properties and of exposure conditions. 
The research consists of an analytical and an experimental phase. 


The specific objectives of the analytical program are: 
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a. a complete modeling analysis for the purpose of determining 
the relevant modeling rules needed to assess the ignition 
time; the analysis will be carried out by examining the 
governing differential equations and will take into 
account (1) fabric material properties, (2) physical 
processes such as heating modes and boundary conditions, 
and (3) different geometries; 

b. the development of the rules for partial modeling on the 
basis of the governing differential equations; 

Cc. an assessment of the errors involved with partial modeling. 

The specific objectives of the experimental program are to 

carry out the partial modeling experiments to determine 

d. the fabric ignition time under well-controlled exposure 
conditions to support the analysis, and 

e. all the relevant fabric properties which describe the 
fabric behavior during the heating process until ignition 
Orene Ling sOCcCursS:. 

Originally, these fabric properties were anticipated to be 


the constant-pressure specific heat cy 

the enthalpy of reaction Ai 

the thermal conductivity k normal and parallel to the fabric 
the fabric thickness 6 

the fabric density oe 


the ignition temperature T. 
but it became evident during the program that, after having chosen 
radiative heating as the first and simplest heating source, optical 
properties are most relevant and the above list was changed as 


discussed in Chapter II. 
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Chapter II is a presentation of the experimental accomplish- 
ments. Details of instrumentation and experimental procedures are 
presented in Appendix B. The analysis and the comparison between 
experimental and analytical results are discussed in Chapter III. 
The conclusions are summarized in Chapter IV. A fabric-by-fabric 
property summary for the ten primary GIRCFF fabrics, selected by 
the Government-Industry Research Committee on Flammable Fabrics, 
is presented in Appendix A. Finally, a summary of the literature 


survey on fabric properties is given in Appendix C. 
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II. EXPERIMENTAL PROGRAM 


The objective of the experimental program is to measure the 
thermophysical fabric properties which characterize the fabric 
behavior during the ignition process and to measure the fabric 
ignition time itself under well-defined heating conditions so that 
the analytically predicted ignition time may be verified or the 
analysis modified and refined until sufficient agreement is reached 
between analysis and experiment. The particular fabric properties 
to be measured are density, ignition temperature, thermal conductivity, 
specific heat at constant pressure, reflectance and absorptance. 
The ignition time measurement and the measurements of each fabric 
property are considered separate tasks and discussed below in 
the above order. Fabric identification for the ten primary GIRCFF 


fabrics are given in Table II-l. 


A. Ignition Time Measurements 
(Task 1) 


Ls Objective 


The purpose is to measure the ignition time defined as the 
time between the instantaneous fabric exposure to a well-known, 
uniform and time-invariant heat flux and the fabric ignition, or 
destruction, as recognized through the appearance of a flame or 
the melt-through of the fabric. The ignition time, considered a 
key parameter in the definition of ignition probability, must be 


measured to verify its analytical prediction. An Ignition Time 
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Apparatus was designed and constructed with design specifications 
established to meet the above objective as follows [II-1]: 
a. Radiative sample heating at heat fluxes between 0.25 and 
15.8 W/cm (800 to 50,000 Btu/(hr £t*)). 


b. Sample exposure transients of less than two milliseconds 


to achieve sufficiently time-independent exposures of as 


low as 20 milliseconds. Maximum exposure time of 60 
seconds. 
c. Remote infrared flame detection consistent with Item (b). 
The operating principle and the design features of the Ignition 
Time Apparatus are discussed in Appendix B.1, achievements and 


results are discussed below. 


Ae Achievements, Ignition Time Measurements 


The total of 127 ignitions was carried out and the results 
are evaluated in nondimensional form as discussed in Section 3 
below. The ten primary GIRCFF fabrics were exposed to irradiance 
levels between 5.73 Ww/em? (the minimum to achieve ignition in most 
of the ten primary GIRCFF fabrics) and 20.05 W/em? (the limit of 
the heating source). Ignition or destruction times were measured 
successfully in the range of 1 to 90 seconds but are expected to 
be lower in fabrics which are more opaque than the samples in the 
primary GIRCFF set. The final design of the Ignition Time Apparatus 
has exposure transients of less than 10 milliseconds or 1% of the 


lowest "ignition" time measured. 
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sp Experimental Results 


"Ignition" is defined as either the occurrence of a flame at 
tie sheated front face of an igniting fabric or the onset of melting 
at the heated front face of a fabric which melts before the 
ignition of its volatile decomposition products. Recorded are, 
however, the times associated with the occurrence of a flame at 
the back face of igniting fabrics or with the onset of a break 
through in the heated zone of the fabric. Both events are sensed 
by the radiometer placed 0.500 in or less behind the fabric back 
face. 

Ignition time is defined as the time elapsed between the sudden 
exposure of the fabric to the heating source and ignition as 
defined above. 

The difference between ignition times based on the original 
definition of ignition on the one hand and the apparent ignition 
as measured on the other, is small, between 2 and 5% at most. 

This conclusion is arrived at both by observation and by analysis. 


The ignition time data are normalized and presented in the form 


(N Cai ( Non) K* } (II-1) 


Fold rs Bi’ rad’ 


which is the normalized ignition time, i.e. the Fourier number of 


ignition 


(Nig) 4 = TAO (II-2) 
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as a function of the normalized heating intensity or the ratio of 
external to internal thermal conductances, expressed as Biot 


number of radiation 


(1-5) Wy 
Ws nee rin ee) a, 
=) fe) 
and the optical thickness 
RAT KO (TI-4) 


The symbols represent 


(k/6) thermal conductance (W/emaal.. or ratio of thermal 
conductivity k over thickness 6 
t/, ignition time (s) 


(05) mass per unit of fabric area, (g/em*), 0 is fabric density 


‘6 specific heat of fabric, (Ws/g K) 

T. ignition temperature (self ignition) (K) 

To initial fabric temperature, equal to environmental 
temperature, (K) 

p radiative fabric reflectance, (-) 

K radiative extinction coefficient, (-) 


This non-dimensional representation, Equation II-l, is based 
on the analysis presented in Chapter III-C.1 and affords the 
Peaucrion in the number of variables, from nine to three. . Aytamily 
of one-parameter curves describes all fabrics; the optical thickness 
k* serves as the parameter. 

Figures II-l through 10 show the final results of the experi- 
mental ignition data, evaluated with the fabric properties as 


measured during this research program and reported in Chapter II-B. 
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Shown are ignition results obtained by Georgia Tech and by Factory 
Mutual [II-3]. For the Georgia Tech ignition tests all fabrics 
were dryed in a desiccator for 12 hours or more. Most ignition 
tests were carried out in 55 to 65% relative humidity environment. 
The tests were completed within three minutes or less after 


removal of the dried sample from the desiccator. Doubling this 


time span gave no noticeable change in ignition time, and it was 
concluded that the fabric had, at the start of the exposure, the 
Same properties as at the time it was removed from the desiccator. 

In Figures II-l through 10 there are represented the ignition 
data for the ten primary GIRCFF fabrics, in the order of their 
respective GIRCFF numbers. Figure II-1ll is a summary of data from 
all ten primary GIRCFF fabrics which shows the trend of ignition 
time with optical thickness: the fire-retardant cotton fabric 
absorbs strongest and has the lowest non-dimensional ignition 
time. The trend toward higher Fourier numbers with decreasing 
optical thickness or absorption coefficient is demonstrated in 
principle, although the effects of pyrolysis blank out in part 
this trend (see GIRCFF Nos. 8, 11; 12 and 174 for) example). 

The data exhibit basically a deterministic character, their 
general smoothness suggests unique ignition times under well- 


controlled circumstances. 
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Non-Dimensional, Experimental Melting 
Time vs Non-Dimensional Irradiance 
For 100% Polyester; GIRCFF No. 2 
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Figure II-2. Non-Dimensional, Experimental Ignition Time vs 
Non-Dimensional Irradiance For 100% Cotton; GIRCFF No. 5 
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Figure II-3. Non-Dimensional, Experimental Ignition Time vs 
Non-Dimensional Irradiance for 65/35% Polyester/ 
Cotton Blend; GIRCFF No. 8 
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Figure II-4. 
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Figure II-6. Non-Dimensional, Experimental Melting Time vs 
Non-Dimensional Irradiance For 100% Nylon; 
GIRCFFSaNG, 12 
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Figure II-7. Non-Dimensional, Experimental Melting 
Time vs Non-Dimensional Irradiance For 
100% Acetate; GIRCFF No. 13 
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Figure II-8. 
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Non-Dimensional, Experimental Ignition Time 
vs Non-Dimensional Irradiance For 65/35% 
Polyester/Cotton; GIRCFF No. 17 
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=—O— Georgia Tech Experiments 


Note: fuzzy side away or toward heater 
produces essentially the same results. 
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Figure II-9. Non-Dimensional, Experimental Ignition Time 
vs Non-Dimensional Irradiance For 100% 
Cotton: .GIRCFE No. 17 
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Non-Dimensional, Experimental 
Ignition Time vs Non-Dimensional 
Irradiance For 100% Cotton, Treated 
With Fire Retardant; GIRCFF No. 19 
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B. Property Measurements 
(Tasks 2 through 6) 


ite Purpose 


A fabric must be heated before it reacts and ignites. The 
heating process was therefore selected as primary objective during 
PveetitSst program in the study of “fabric flammability ©" The 
thermophysical properties which characterize fabric behavior 
during heating are 


fabric density, le) 

speciintc heat .of iEtabnic,,ic 
thermal conductivity, k 
fabric thickness 6 
ignition temperature T. 


radiative properties, reflectance 6, transmittance 
Tt (for ignition by radiative heating) 


The above list of properties lead originally to 6 tasks of property 
measurements. It was recognized, however, during the program 
that, firstly, the fabric thickness measurement is not needed, 
secondly, the fabric density measurement can be replaced by the 
mass per unit of area measurement and, thirdly, the measurement of 
thermal conductivity can be replaced by that of the thermal 
conductance, i.e. of k/é. All three changes simplify the property 
measurements significantly. Finally, the thermal conductance 
measurements were performed in spite of the conclusion reached 
through analysis (see Chapter III-C.1) that the fabric conductance 
is insignificant in the description of the ignition process for 


all ten primary GIRCFF fabrics. 
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Reaction enthalpy measurements were originally proposed to 
be included but Tere ered from the program when it became 
evident that optical properties were far more important to the 
description of the fabric-heat source interaction then reaction 
enthalpy was to the prediction of the ignition process. Optical 
property measurements were not originally proposed. The exclusion 
of chemical reaction properties was justified on the assumption 
that reactions prior to ignition contribute only insignificantly 
to the time requirement for ignition. The assumption is correct 
for intensive heating levels, but a large number of fabric ignition 
tests at low and moderate heating levels proved the assumption very 
restrictive. 

With this background, the objective of the property measure- 
ment program finally became to establish, on the same fabrics as 
Eeeaeinethe ignition time measurement, the following five properties 


fabric mass per unit area, 006 
specific heat of fabric, c 
thermal conductance, k/6 
ignition temperature, T. 


radiative properties, reflectance, 9, transmittance, T. 
The property measurement program was accordingly divided into 
five tasks. The achievements and results of the property measure- 
ment program are discussed below for each task. Experimental 
procedures and test apparatus are described in Appendix B, the 
literature survey on fabric properties is covered in Appendix C. 
Finally, a summary of properties, collected for each fabric, is 


given in Appendix A. 
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Zs Achievements, Property Measurement Program 


Task 2. Fabric Mass Per Unit Area. 
The total of ten weighings was performed on an analytical 
balance on samples of 5 in by 5 in large. The results agree well 


with those obtained by NBS as shown in Section 3 below. 


Paakeow opecirtic Heat of Fabrics’. 

An existing furnace was modified to serve for the heating of 
fabric samples. A calorimeter was designed, constructed and cali- 
brated. For details see Appendix B-2. 

The total of sixty enthalpy measurements was performed on 
the ten primary GIRCFF fabrics, in the temperature range from 
120°C to 200°C. Not all of the sixty measurements were successful, 
primarily because of the thermal instability of the fabrics at 
elevated temperatures. However the specific enthalpy is deemed 
to be established for all fabrics with a confidence of +10% 
except for the GIRCFF Fabric No. 12 which is pure nylon. Here 
the experimental results were supplemented by published data. 

A literature survey was performed to collect published 


Specific heat data of fabrics. Details are given in Appendix C.l. 


Task 4. Thermal Conductance of Fabrics. 
A guarded hot plate was designed and constructed to measure 
thermal conductance with the accuracy of +5%. Details are presented 


in Appendix B.3. 
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The total of 56 conductance measurements was performed on 


the ten primary. -GIRCEF .fabrics between 67°C. and 205°C... Of :these 


56 tests, 34 were performed at the contact pressure of 528 N/m, Dy. 


tests at) the pressure of 866 N/m? and 10 tests at the pressure of 
dy goed O N/m? . The results are given in Section 3 below. 

An extensive literature search was carried out on fabric 
properties related to its thermal conductivity. Details are 


given in Appendix C.2. 


Task 5. Ignition Temperature Measurements. 

A commercially available Setchkin furnace was extensively 
modified and improved as: discussed in Appendix B.4. 

Over 120 ignition temperature measurements were performed, 
95 of which after the final improvement was completed on the Setchkin 
Furnace. Self-ignition or melting temperatures and pilot ignition 
temperatures of non-melting fabrics were obtained for all of the 


ten primary GIRCFF fabrics and for six of the ten secondary GIRCFF 


fabrics. The results are reported in Section 3 below. 
Task 6. Radiative Properties. 


An existing integrating sphere reflectometer was modified, 
prepared, calibrated and assembled with a purchased light source, 
for the purpose of measuring directional-hemispherical infrared 
reflectance and transmittance. The design details and operating 
procedures are discussed in Appendix B.5. 

Each measurement consists of two test runs and two reference 


measurements to obtain two properties, reflectance and transmittance. 
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The total of 32 measurements (64 test runs) was performed. Of 
these there were 20 measurements carried out on the ten primary 


GIRCFF fabrics in their original state, each fabric at two wave 


length distributions, and 12 measurements were carried out on charred 
samples. The results are presented in Section 3 below. 
Previously published radiative fabric properties are summarized 


in Appendix C.3. 


oF Experimental Results, Fabric Properties 


Task 2. Fabric Mass Per Unit Area, 90 

This measurement réplaces the separate measurements of density 
0 and fabric thickness 6, because the analysis discussed in 
Chapter III requires only the product 6. 

Samples of 25 ee +2% were weighed with an analytical balance 
Eoewirthin +1% int dry condition. The results are shown in Table TIi-2, 
the first column indicates the results obtained by NBS and reported 
by Gillette Company Research Institute in their original fabric 
definition (letter to contractors of January Thro d CADMAS eremne dig 9 = 
second column labeled G.T. are the Georgia Tech results. The 
third column contains the results of thickness measurements by 
micrometer, carried out under the contact pressure of 528 N/m?. 


The thickness, however, is not required in the analysis. 
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Table 11-2. FABRIC MASS PER UNIT AREA 


Mass Per Unit Area Rabric 
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Task 3. Sjgaeh Ae ite. Heat of Fabrics 


The results of enthalpy vs temperature measurements are shown 
inerigures Iil—12 through 22 for the ten primary GIRCFF fabrics. 
Curves were fitted graphically to the plotted data points. The 
resulting curves were read at equal temperature intervals and the 
ordered pairs of data points obtained were represented by power 
polynomials of up to fourth degree. The results of differentiating 
the power polynomial are the specific heats listed in Table II-3. 

Results obtained for GIRCFF Fabric No. 12 were not satisfactory 
as shown by the data points. Specific heat data from Reference 
II-4 were converted to enthalpy and plotted. Further measurements 
are in progress. Ignition data were evaluated for Fabric No. 12 
with specific heats of pure nylon as taken from Reference II-4 


and reported in Table II-3. 
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Figure II-12. Enthalpy vs Temperature For 
100% Polyester, GIRCFF No. 2 
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Figure II-13. Enthalpy vs Temperature For 
100% Cotton, GUIRCFF No. 5 
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Figure II-14. Enthalpy vs Temperature For 
65/35% Polyester/Cotton; GIRCFF No. 8 
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Figure II-15. Enthalpy vs Temperature For 
100% Cotton, GIRCEF No. -10 
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Figure II-16. 
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Enthalpy vs Temperature For 
80/20% Acetate/Nylon, GIRCFF No. 
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Enthalpy vs Temperature For 
100% Nylon; GIRCFF No. 12 
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Figure If-18. Enthalpy vs Temperature For 
100% Acetate Fabric; GIRCFF No. 13 
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Enthalpy vs Temperature For 
65/35% Polyester/Cotton; GIRCFF No. 
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Figure II-20. Enthalpy vs Temperature For 100% Cotton Fabric; 
GIRCFF No. 18 
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Figure II-21. Enthalpy vs Temperature For 100% Cotton 
Fabric, Treated With Fire Retardant; GIRCFF No. 19 
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Task 4. Thermal Conductance 

The thermal conductance was measured in a guarded hot plate 
apparatus discussed in Appendix B.3. All ten primary GIRCFF 
fabrics were tested at the minimum contact pressure of 528 N/m? 
in the range of temperatures between 67°C and 205°C or as limited 
Byethe thermal instability of the fabric. The results are shown 
fore cotton fabrics in Figure II-22, for) plastie polymers in 
Figure II-23 and for polyester cotton blends in Figure II-24. The 
results for Fabrics No. 12 and 13 at the temperature of 96°C 
deviate from the drawn curves because the samples used for these 
tests had previously been used at the higher temperatures. 

The effect of pressure is shown in Figure II-25 for four 
magn1cs, GLRCFF Fabric Nos. 2), 5, 8 and 12. The results are 
obtained by interpolation of conductance versus temperature at 
constant pressure data. The results show a general increase of 
thermal conductance with rising pressure as the effect of compression 
overwhelms the effect of fiber re-orientation. The exception to 
this characteristic is GIRCFF Fabric No. 12. 

A summary of conductance data is given in Table II-4, together 
with fabric thickness data so that conductivity can readily be 
obtained. 

It should be observed that the role of conductance was found 
to be insignificant as a result of the optical properties obtained 


meraing this program. This is explained ainidetail in Chapter III. 
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Task 5. Ignition Temperature Measurements 

Self and pilot ignition temperature data as obtained in a 
modified Setchkin Furnace (see Appendix B.4 for design features 
and test procedures) are summarized in Tables II-5 and 6, 
respectively. 

For the total of sixteen fabrics, temperature intervals in 
which ignition or melting prior to ignition was observed are given 
in Table II-7 for both self-and pilot-ignition and represented 
graphically in Figures II-26 and 27, respectively. 

Neither self nor pilot ignitions were measured on the molten 
residue collected in the pan-shaped sample holder as there is 
presently no interest in the processes following the fabric destruction. 

The reproducibility of ignition temperature measurements is 
demonstrated on GIRCFF Fabrics No. 5, 8 and 10. Repeated measure- 
ments produced results within the bracket currently achieved for 
ignition temperature accuracy (approximately 15°C). 

Pilot-ignition temperatures are consistently lower than self 


ignition temperature as is to be expected. 
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Taosle II-5. SELF IGNITION TEMPERATURE DATA OF THE TEN PRIMARY GIRCFF FABRICS 
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Table II-6. PILOT -— IGNITION TEMPERATURE OF IGNITING FABRIC 
Ignition @ Flash o 
No Igniton O Fabric not consumed ra 


GIRCFF FABRIC 


Air Temp. °C 
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Table II-7. SUMMARY OF SELF AND PILOT IGNITION RESULTS 


Ignition Temperature, °C 


GIRCFF 
Fabric No. Self-Ignition Prlotzignition 
1 416-409 
Kx* 
2 255-262 M 
4 297-287 
5 311-301 311-301 
327-318 
6 416-409 
478-467 
450-439 316-304 
443-416 
9 308-297 
10 439-429 351-339 
443-434 
Ti 237-218 M 
12 255-237 M 
13 237-218 M 
v7 480-463 384-368 
18 311-301 294-278 
19 497-480 329-316 
20 480-463 329-316 


*reported in 2nd Quarterly Report 
repeated for check on reproducibility 


**M represents melting 


+ 
_ evi 


he 2issgxegme? noisiapt 
noitingZwolit | goktiapl=3.i88 


Loe -£4e 


BOC~-oTE 


gAE-DEE 
gts-Hes 
ate-ese 
ale -ece 


> rat y 


COb-ate = 
M gag-8e¢ 

: Tas-Tes 4 
 POe-LPe 
“ene +Tse | 
@Ch-3Lb ‘= 
Cas-sTh | | 

ef b-OGh, 

aib-ebs 

TOS-BHE 
CLP-CfD 

BER-ERP 

M BIg-TES 
M’vES~22¢ 

Mm @LS-"Tes 

€ab-080 
LOE~LIE. 

0Gh-TeR 

sake 


4 


troges yirostisu. bas bey 
vaetnsibbonaee ne woed> x0% 


ereareen agne | 


ee 


a2 


soanjzerodusoy uot tublI-J Tes 


°9Z-II vanbty 


Touue Ta 
TouueTy 

TouueT gy 

eystyeg 

JOOTAL 

JOdTAL 

JOULE 

aqystqieg 

yqIOTD) AAI 

Assizer JAtTus-], 

qtuy oqny Aevsier 
YORTS poqzeoszquyg 
Avsioar 4JATUS-] 

wtuseg 

asnoTg UsAOM peiaNnzxey, 


YOeTS sserg oT qeang 


“ON 


AHOUID 


a Aanmenbieel ee ae at 


as | sO 
ee . iO 
= | a-O 
eo | 

= | . 

= e~ | | 

ae ao . | 


a Se eee 
A £30) ra ra $i Ss 


v4 

( 
& 
ry 

nae i 
© 

= 

j 

| 


— a = cad < ne weey ize c 
ae we ye. BRS O28 Oos cee -. .- BOE oe: 
: estyseisanmsT aoijinpi-3isea oS-It sspri 
md 
ta 
ot = 


gontaT -id: = 


— 


toosel? OL 


a3 


SoInjerASde; UOTITUBI—-JoOTtd Sf£72-11 ,eanbta 


TeuueTy OZ 
TeuueTa 61 
TeuueT_ gt 


eastizeg LT 
eastiaeg OT 
Aevsier 4ATYS-], 8 
Aosioer JITYS-] C 


“ON 
AATOUID 


54 


Task 6. Optical Fabric Properties 

The directional-hemispherical reflectance and transmittance 
were measured in an integrating sphere reflectometer for the 
purpose of describing the fabric-heater interaction. Details of 
instrumentation and operating procedures are presented in Appendix 
pe. 

Measurements were first carried out at incidence of 20° 
from the normal. Then the effect of incidence was measured at 
various angles between 0° and 40° and found negligible. The fabrics 
in the set of primary GIRCFF fabrics can be considered as Lambertian 
reflectors and transmittors. 

Reflectance and transmittance was measured both in the infrared 
spectrum between 0.6um and 2.5um and the combined visible (less 
than 12%) and infrared spectrum as produced by a tungsten filament 
projector lamp at 3,200°k filament temperature. 

The reflectance, transmittance and absorptance was evaluated 
for all primary GIRCFF fabrics in their original condition (virgin 
material). The results are presented in Table II-8 for the irradi- 
ation by projector lamp and in Table II-9 for the infrared 
irradiation. 

Six fabrics were charred in air, either in an oven or in the 
guarded hot plate during conductance measurements. These fabrics 


are, together with their respective char temperatures 


GIRCFF No. Char Temperature 
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5 124 
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The optical properties of the charred fabrics are listed in 
Tables II-10 and 1l for the tungsten filament source and the 
infrared source, respectively. For ease of comparison, all 
absorptance data obtained are summarized in Table II-12. 

The influence of charring is significant as the absorptance 
is shown to increase by a factor of up to three. The influence 
of the visible irradiance is shown to affect absorptance by a factor 
of up to 1.5, however the temperature of the tungsten filaments in 
the radiant heater of the Ignition Time Apparatus is below 3,000°k 
in most ignition tests; accordingly the influence of visible 
radiation is far less in the Ignition Time Apparatus than in the 


optical property measurements. 
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Table II-8. OPTICAL FABRIC PROPERTIES 


VIRGIN FABRICS 


* 
Tungsten Filament Source, Filament Temperature 3,160°K 


FABRIC Optical 
GIRCFF Reflectance Transmittance Absorptance Thickness 
% 
NO. le) x 1 = = T= K 


2 0.560 Ona 2 
2 Bi perio) 0.284 
8 0.562 0.298 
10 0.418 0.280 
uy es O250 
T2 0.447 Cea 
13 0.490 boats | 
17 0.485 0.208 
18 Vigo Beto yal a) 
te? oo 0.348 


x 
This source produces 11.3% visible and ultraviolet and 88.7% 


infrared radiation. 
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Table II-9. OPTICAL FABRIC PROPERTIES 


VIRGIN FABRICS 


Infrared Irradiation, 0.6um © A = 2.5um 


FABRIC 
GIRCFF 


Optical 
Thickness 


Reflectance Transmittance 


NO. 
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Table II-10. OPTICAL FABRIC PROPERTIES 


CHARRED FABRICS 


* 
Tungsten Filament Source, Filament Temperature 3,160°K 


FABRIC Optical 
GIRCFF Reflectance Transmittance Absorptance Thickness 
* 
NO. a = 1-t-9 Ss 


* 
This source produces 11.3% visible and ultraviolet and 88.7% 
infrared radiation. 
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Table II-11l1. OPTICAL FABRIC PROPERTIES 


CHARRED FABRICS 


Infrared Irradiation, 0.6ym = ) = 2.5,m 


FABRIC Optical 
GIRCFF Reflectance Transmittance Absorptance Thickness 
* 
NO. a = 1l=-p-T K 
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III. ANALYSIS 


Ae Objective 


Flammability standards must ultimately be defined on the 
basis of modeling experiments because well-controlled and instru- 
mented experiments on the prototype itself, that is the human, 
are impossible. Model testing must be reasonably faithful to the 
conditions of the prototype, so as to yield all the relevant 
parameters involving the fabric properties characteristic of 
ignition and burning, and the process parameters such as heating 
source characteristics and boundary conditions. Of the multitude 
of possible parameters describing ignition and combustion one must 
select the important ones to obtain a manageable set of parameters, 
no more complex than necessary for the adequate determination of 
fabric flammability. This leads to partial modeling with subsequent 
assessment of partial modeling errors. 

The processes characterizing flammability are essentially 
transient in nature. Considering pertinent times, the probability 
of ignition for given exposure should depend primarily on the ratio 
of the time a person exposes the fabric to a heat source to the 
time required for ignition. The exposure time can be at most 
stochastically related to the fabric characteristics, and this 
doubtful relation is as yet to be established, while the ignition 
time depends strongly and deterministically on fabric properties. 
Hence, fabric characterization being the objective, the problem 
becomes that of predicting the ignition time for a given set of 


circumstances. 
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Consequently, the objective of the analysis are 
i. a complete modeling analysis for the purpose of determining 
the relevant modeling rules needed to assess the ignition 
time; the analysis should take into account (1) fabric 
material properties, (2) physical processes such as 
heating modes and boundary conditions, and (3) different 
geometries; 
ii. the development of the rules for partial modeling; 
1ii. an assessment of the errors involved with partial modeling; 
iv. the definition of suitable modeling experiments which are 
necessary to predict ignition time. 

The work presented herein is restricted to radiative heat 
sources. The more complex convective heat source (gas flame) is 
considered in a later program phase. 

The following section presents the most detailed analysis 
leading to the complete set of modeling parameters. Section C 
presents simplified model descriptions and is followed by Section D 
which illustrates the shortcoming expected from simplifications. 
Analytical results are compared with experimental results in 


Section E. 


B. Complete Modeling Analysis 


Considered is the system consisting of a radiative heat 
source, the fabric and the human tissue separated from the fabric 


myean air gap, as depicted in Figure III-1 below. 
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garment, with const. properties 5 a Se 


ag Y body,remains at To 
sal 
constant heat Yo 


Ppuse trom ignition Z eLfrectl ver neatarbansren 
source gq Ai coefficient th. (const?) 


garment and body initially 
at Ty 


Figure III-l. Geometry of Ignition Model 


The fabric response to heating proceeds in four partially 
overlapping stages 

1) inert heating of the fabric 

ii) thermal decomposition, change in shape, drying, accompanied 
by the evolution of combustible, and non-combustible 
gases, smoke with entrained solid particles, or by melting 
and shrinking 

iii) ignition, that is the appearance of a flame as evidence 

of exothermal reaction by the volatiles, or the onset of 
smoldering 


iv) combustion, char formation. 
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Stages i and ii are endothermic while stages iii and iv are 
exothermic to the extent that the overall process is also exothermic. 
There are several ignition criteria postulated [III-l]. For auto 
ignition of thin (cellulosic) materials, Martin [III-2], Lawson 
and Simms [III-3], Alvares, Blackshear and Murty Kanury [III-4] 
have suggested that ignition occurs when the material surface 
temperature reaches a certain fixed value, the ignition temperature 
T,- This criterion has been accepted here. Process stage iv is 
of no interest in the present analysis. 

The governing equations are the equations of energy conser- 


vation for the fabric interior and the fabric surfaces and the 


reaction equations. 


ite Governing Equations 


One dimensional heat transfer, simultaneously by conduction 
and diffuse radiation, with internal chemical heat sources, is 


governed by 


pc = < (ko) a 2 (1-6) KE, (kx) W) Pen ae Lu scar (III-1) 
where 
le) fabric density g om? 
Cc specific heat of fabric Ws / (gk) 
ih fabric temperature k 
: time Ss 
oe coordinate cm 
k thermal conductivity W/(cm K) 
6 fabric reflectance 
K radiative extinction coefficient 
incident radiant flux w/om? 
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and E (Kx) - | tis e KX) tay (TTI-2) 
a 


arises from the diffuse character of the radiant flux through the 
fabric. The first term in Equation (III-1) constitutes the storage 
of thermal energy within the fabric, the second term represents 
conductive dissipation and the third term describes the internal 
absorption of radiant energy. The heat generation by chemical 


reaction is given by 


E E 

q"'(T) = p(l-e) (AH, Ae PY}. + pe(1-A) {AH, Ae *7} Gime) 
where 

AH, reaction enthalpy Ws/g 

A pre-exponential factor l/s 

E activation energy Ws /mole 

r degree of reaction 

R universal gas constant Ws/(mole K) 

€ maximum mass fraction of 


endothermic decomposition 

and subscripts ex and en refer to, respectively, exothermic and 
endothermic reactions. The first term on the right-hand side of 
Equation III-3 is responsible for the temperature excursion at 
Bomation time t; while the last term is accounting for the second 
Stage of the ignition process, the thermal decomposition. 

The degree of reaction for the first-order decomposition is 
governed by Arrhenius' law 
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with Me=w at timette=n0 (Il EDp-5) 


Finally, the energy conservation equation, Equation III-1 


femsuojyect to the initial condition at time t = 9 


T4470 pn To (III-6) 


anaetne boundary conditions at the front face, x = 0 


ey 
k ETha (hod, fall T,) (TII-7) 
memeene back face, x.= 6 
a ee weed (is TA) eis 8} 
Ox Caro a 
where 
ae convective film coefficient We Crane 
ns initial temperature 
6 fabric thickness 
as representative air gap temperature 


Equation III 7 and 8 describe the convective cooling at the 
fabric surfaces and may be modified to account also for radiative 
heat rejection by the fabric. 

It should be pointed out for the sake of completeness that 
convection through the fabric by the volatiles and fabric emission 
from within the fabric are neglected in Equation III-1l. In 
addition, the exothermic reaction which induces ignition (that is 
Stage iii of the ignition process) is only approximately represented 
by the zero-order reaction term in Equation III-3. This term would 


lead to unbounded fabric temperatures, but the objective of the 
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analysis is reached at the beginning of that reaction, before an 
appreciable amount of zero-order decomposition has taken place. 

The model described by the set of non-linear partial differential 
equations, Equations III-1 through 8 accounts for all the modes of 
energy transformation associated with the first three stages listed 
above: 

i. internal absorption of radiant energy 

ili. storage of sensible heat 
iii. heat loss from the fabric 
iv. energy absorption during decomposition or drying 
Mae energy evolution at the time of ignition. 
Of the overall ‘ay Pal of 21 parameters describing the system, 
ING 


there are the total of twelve fabric properties o, c, k, p, K, 


(AH Peas 


a and ¢«; five process parameters 


cet (AH) one A v Aare BE 


ex eni’ 


Bei a fot x, o(h) (h 


3 % ae together with two dependent variables 


oc) 6, 
X and T, and two independent variables x and t involved in the 
description of the system. The first five fabric properties are 
temperature dependent but will be taken as constants, evaluated 
at suitable temperatures between To and T.- The reaction kinetics 
parameter are in general a function of the heating rate but are 
also approximated by constants. 

Pertowing. this simplification, equations LLia- land’ 3. tnrougm.s 


are recast in nondimensional form to yield, from Equations III-1l 


and 3 
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. o o, 

q = Nie ‘iy Ny (1-A) e (III-10) 

me = ale 2 x 
where >, en, TD (TUT 119 

7 v) ra 
>, Be a (TTT 12} 

Oo 

w= 90 = 1 CPt = 13)) 


eicetrom Equation IITI-4 


W) 
aie 2 
a ea Ms te (IT1T-14) 
FO 
The initial conditions are, from Equations III-5 and 6 at Nao = 0 
ee, (TIIT— 15) 
The boundary conditions are, from Equations III~-7 and 8 at 
* 
x = x/6 =.0 
a6 
serge (Nei), s) (IITI-16) 
* 
aex, = 1 
ae 8? (N ehect6-—6 4 CPE Lo 7) 
ox* Bi 6 a 
7 Modeling Parameters 
* 
There are eleven parameters, Neo! (Nai) ead! (Naidor our, 


(Now) oe Ny, No, No, Tor TM and Tar together with the dependent 
* 
variables X and 0 and the independent position variable x , in 


Equations III-9 through 17. These parameters are the modeling 
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parameters and define the solution more compactly than the 21 
variables of the original set of equations. The parameters are 
arbitrary to some extent, in that any combination of parameters 
yields another parameter that may replace one in the combination. 
The total number of parameters is unigue to the description of 
the model chosen at the outset (Equations III-1l and 3). Simplifi- 
cation of the model leads to a reduction in parameters and is called 
partial modeling. 

The eleven parameters occuring in Equations III-9 through 17 


are defined as 


1. the normalized time, N asin (ITT-18) 
Fo eelenegs 
(1-p) W 
Peethe normalized @rradiation, (N_.) — p 2 (III-19) 
Biocad k 
= CTS Te) 
VED Ke) 
* 
Be the optical thickness K« = K6 (Ti t—20) 
4, the exothermic reaction parameter, 
Glee je(oc alan A} -1 
we sean aa oe ten a a 
s way G 
6 Leo 
5. the endothermic reaction parameters, 
e (ods) [AH, A] -T 
Es Sea ee (JT1-22) 
2 Kae 4 
6 pos) 
and N, = N, c(i 77.) (III-23) 
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6. the Biot numbers for front and back convection 
(hele 
(Naido Becca (TII-24) 
(=) 
wee ee (Tp 36) 
Bi’d = 
Bs) 
6 
7 the normalized initial temperature 
ia 
he = ee (III-26) 
1 
anoyecinally, 
8. the normalized activation energies 
Fox 
Fen 
a rr (Pii=28)) 
The nondimensional fabric temperature is defined by 
T-T ‘ 
im O85 G: Lae (III-29) 
0 Pooplor in O<x < 
Laate) 
* 
and becomes equal to unity at x = O when ignition occurs at the 
time Nao = (Nao) ac An order of magnitude comparison performed on 


the set of coupled equations which govern the time-temperature 
dependence in both the fabric and the tissue, indicates that 
Ss = Pt) 7 {T57T) remains insignificant, mainly because the skin 


temperature rises only moderately during the ignition process so 


long as the fabric does not touch the skin. Should the fabric touch 
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the skin then the ignition time would be far tog long to be of 
interest here. Consequently, ue is set equal to zero. 
raineily, tae SOlUtLION *tounquations (11-9 and 24, sub ject: to 


Pegeations TIii-15, 16 and 17 yields the ignition time 


mend =or Lon Ferd. AUTa~ 30) 


Fo 1 BL 


) (Na 3) (N ,N 


rad’ By eee ee nao 3 
BemeaeLUnNction of ten parameters which involve the 21) properties 
listed above. Every one of the nine parameters involves at least 
one fabric property. Nevertheless, the normalization of the governing 
equations has reduced the number of characteristics from 21 to ll 
and has revealed that neither the thermal conductivity k nor the 
fabric thickness occur anywhere bv themselves, but rather in the 
combinations 06, which is mass per unit area and k/é, the thermal 
conductance and kdé, the optical thickness. This relevation is 
extremely helpful for the ‘ractannarorats of fabric properties. 

The general solution, Equation III-30, may be found by 
numerical techniques but its dependence on 10 parameters renders 
it unwieldy. Thus it becomes necessary to identify and eliminate 


the parameters to which the solution is insensitive. This leads to 


partial modeling. 


C. Partial Modeling Analysis 


Depending on how many of the five processes listed in Chapter 
III-A dominate ignition under a given set of circumstances one can 
reduce the number of, or modify, the terms in the governing differ- 


ential equations, Equations ITI-9, 10 and 14 so as to retain only 
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the dcminating terms. The relative significance of any term may 
be determined either from known fabric properties by an order-of- 
magnitude comparison, or by comparing experimental results with 
solutions to the simplified differential equations. The latter 
method was used since no reaction kinetics properties were known 
during the program phase reported herein. 

When pre-ignition reactions are insignificant then one ignores 
Paeetast term in Equation III-9 to obtain the inert: ignition model. 
The fabric may be opaque and then represented by an inert, pure 
conduction model, or the fabric may be semitransparent as were 
all fabrics in the primary GIRCFF set. Then the fabric is repre- 
sented by the inert, conductive and radiative model. These inert 
models are discussed below. All models described by partial differ- 
ential equations such as Equation III-9 shall be called distributed 
parameter models. When details in the fabric interior are ignored 
then ordinary differential equations are used and the resulting 


class of models is called lumped-parameter models. 


ia Distributed-Parameter Model Without Chemical Reaction 


k 
Betting the. reaction term q = O in. Equation I1II-9 leads to 


meeedescription.of the inert model. Analytical solutions exist in 
the literature for the cases of pure conduction through an opaque 
Slab [III-5] and of conduction and radiation following Beer's 
law [III-6}. 

Pure conduction through an opaque slab implies K-00 and 
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E, (k x )7O. In the limit, the appropriate equations become 
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The solution @ is presented in Figure III-2 for the front 


-). = O- and for an adiabatic back face, 
Fo BisoO 


tiat ws 0 (1,N,,) when (N 


face, 0(0, N=) when. \(N 


Ba 8S 
The diagram in Figure III-2 is used by first evaluating three 
of the four non-dimensional groups (with only two choices for 
* 
x = x/d) listed above and then selecting the curve corresponding 


to the value of N = ho/k (if this group is known), either from 


Bi 
mie ctamily of curves for the front face (heated) orn from that for 
the back face to find the unknown fourth group, either O/ (NE) ag 


or Neoe Once the unknown group is found one can readily compute 

the unknown parameter itself, such as the temperature T corresponding 
to a specific time t or the time at which a specific temperature 

is reached. Two possible applications are depicted in the figure. 


Allowing for convective cooling from both sides, the ignition 


time 


die amt) 1 (N j (III-32) 


Baad 


depends on three parameters, and when the heating is intense 


convection becomes insignificant; the ignition time of opaque 
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ordinary differential equation was integrated by a fifth-order 
Runge-Kutta procedure with automatic time step selection. The 


convection parameters (N,.)_ and (Naidse which characterize fabric 


Bie 
Sample size, geometry and the fabric's ability to conduct heat, 


were evaluated for the test conditions in the Ignition Time 


Apparatus and found to be (Naito = (Noi) = 0.05. Comparing the 
solution calculated with (Naidg = (Noi s = O with that computed 

. = * 
es es) 6 fae =") 05 stoma =) 0.299 (cotton) “one finds pthnac 


convection retards ignition only slightly at the moderately strong 


) = 3,0 (Wo = 12 W/em*) . The ignition time 


irradiation of (N 
rad 


Bi 
ie increased by =5% as the result of convection. Convection 
becomes effective only at low heating levels and can prevent the 


fabric from ever reaching ignition. 


For the case of strong heating one may set (NEido = (Noi) 5 = O 
to obtain the solution 
ca 
(Nag) 4 = f 1 (Nes) eat K VT io 
as shown in Figure III-3. The integrations were performed for 
* 
toe (N_.) —100mand 0.0) <— Ko <= 2°50 -although the jdomainso 
— Bi’ rad — — = 


interest is much smaller as indicated in the diagram. 


mice most amportant conclusion drawn from Figure JTI-3 1s that, 


* 
eee tabrics of interest, 1.e. 0.1 < * < 0.5, the slope of the 


curve (Nao) 4 versus (N53) rad has) thevvalue, of nearly, awhis 
means that the product (oy (Neael-da equals a constant, 
av) 
Gier-p Jesh vb ny 
6 st Ls 
= = IITI-36 
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(heavy) fabrics under intense heating and in the absence of chemical 


reactions depends on a single parameter, (Nis) aa’ 
None of the ten primary GIRCFF fabrics is opaque. Radiative 
heat transfer is superimposed on conductive transfer. The governing 


equations for the inert semitransparent slab are derived from 


* 
Pewaction IlI-9 by setting q = 90 


2 
a0 hon o bs nee 
SN teey2 | ZR NNR og Falk x) 
FO 
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ae 6S CUO 
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ick | Se a 
* 
oa, =.) 1 
(III-33) 
a9 
eg ni’ s ° 
at time N =O) 6  =i0 
FO 
at ignition i= 
ae 5 (Nig) i 


The ignition time (Nao) 4 for semitransparent, conducting inert 


fabrics depends on four parameters 


(Nao) a anf toi ee) seen } (III-34) 


The system of Equations III-33 was numerically integrated. 


Spatial derivatives were discretized, and the resulting first-order 
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eon that the thermal conductance 1s insiqnificant. Close inspection 
of the computer results reveals that, very early in the heating 
process, a temperature profile establishes itself which compensates 
for the non-uniform radiant heat absorption in such a way that the 
local energy storage and with it the time rate of temperature 

rise are uniform. Then, under constant heating, the temperature 
rises linearly with time. The difference between front and back 


) ey ea) 


face temperatures is less than 10% except when (N mad 


Bi 
which is beyond the capability limit of the Ignition Time Apparatus. 
Hence the energy stored per unit area, pcéd (T.-T)) is essentially 
equal to the energy absorbed during the ignition period, owt, 

where o« is the fabric absorptance. But that is precisely what is 
expressed by Equation III-36. 

The thermal conductance is equally insignificant even in the 
presence of free convection. Moreover, chemical reaction rates 
are dictated primarily by fabric temperature, and when the fabric 
temperature is uniform the reaction rate will also be uniform. 
Detailed, distributed parameter analyses are not called for in the 
Study of fabric ignition, except in the case of heavy, opaque 
fabrics where appreciable temperature gradients can develop. 

In summary, the distributed parameter analysis of the semi- 
transparent, conducting slab with in-depth radiative energy absorption 
has shown that the ignition process is 

i. generally independent of the fabric conductance k/6 

fi, associated with uniform heating within the fabric, except 
in heavy, opaque fabrics 


tit.) associated with uniformly distributed chemical reactions, if 


any. 
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This shows that a lumped parameter analysis is adequate, the most 


significant result of the distributed parameter analysis. 
i. Lumped-Parameter Model with Chemical Reaction 


Peteqrating Equation ILlIi-l with? respect! to,.x, from x = oO to 
x = 6 and combining the result with the boundary conditions, 
Equation III-7 and 8 one obtains, after setting ToaT oe cara = 
(h) and after normalization 
oo 


pics Tact A +, (1-A)e * - 110 (T1337) 


d = -(1-d) Te (TIIT-38) 


where the superscripted dot represents differentiation with respect 
to the non-dimensional time T 
a we 18, 
T= eo (III-39) 
| Hn he 
The exponents oy and 5 have been defined by Equations III-1l 


through 13 and III-26 through 28. The parameter of relative heat 


loss by convection is 


ag ow Oe Pula ON gg! 
™) fom (ITI-40) 
fo) 
while Tar Te and TO replace Nyy Ny and N32, respectively 
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Bou, (An eA =~ 
By t en 3 . 
Mes Se tothe Dea e (III-42) 
O 
© (T.-T)) 
Ws = i Te) nee (ITI-43) 


f'en 


In Equation III-37 the first term on the left-hand side represents 
energy storage, the first on the right-hand side)constitutes the 
energy absorption, the second the exothermic reaction, the third 


represents the energy absorbing [(AH <=0']) ‘first-order reaction, 


aupeea 


and the last term stands for the convective heat loss. Equations 


feo and 38 are subject=toythe initial conditions 


atts O's Dp =8At=o0 (TT1I-44) 
and the ignition time Ts is reached when §@ = 1 and, therefore 
es f {to Tyr Tor Tar Tar Tee Te} (III-45) 


@epends now on seven parameters, a reduction by three rebative to 
the distributed parameter analysis. Equations III-37, 38 and 44 
have been integrated numerically with the parameters Tor Myr Moe 
M3, Tar Tee and Te evaluated for a-cellulose on the basis of 
reaction kinetic properties published by Akita and Kase [III-7]. 
The preliminary results indicate the proper ignition delay by the 
endothermic reaction, they check against limiting cases discussed 
later and they reveal weak dependence on the parameters T and T 3. 


Further studies are in progress and final verification must await 


the measurement of reaction kinetics. 
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Ss Limiting Cases of the Lumped-Parameter Model 


Three closed-form solutions will demonstrate the significance 
of the parameter Tt; and the effects of individual processes. 


a. iImert Heating. Setting 1 Te) andere (edgval Meo (Zero an 


AA Tete 6 
Equations III-37 and 38 yield the inert heating process. In the 
absence of free convection, unt = O, one obtains simply i = 1 and 


the real ignition time 


a O = 
‘ik, (@) 


Pepenas on four-fabric- characteristics: a, op, G@ and T. and two 


process parameters, W., and To: When Ty) 7 O then 


al 
* 


ts ) (Tit 47) 


dk 


This result is shown in Figure III-4 and demonstrates the effect 
of free convection. Free convection prolongs the ignition time 
at decreasing irradiance levels until ignition is no longer 


possible for 7, > 1, that is as the convective losses at ignition 


1 


temperature approach the incident heat flux. For a fixed sample 


Size and geometry 17, increases with decreasing heating intensity. 


1 


Moving in the positive abscissa direction in Figure III-4 corres- 
ponds to increasing radiant intensity. The operating range of 


the Ignition Time Apparatus lies between Tv 0.2 and ™) ? 1 where 


ignition occurs due to the exothermic effects. Most data were 


obtained in 0.2 < ™ < 0.99. The curve in Figure III-4 shows that 


convection can increase the ignition time by a factor 4.5 over 
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that given by Equation III-46, at very low heating levels. 


b. Zero-Order Reactions. The significance of the zero-order 
reaction (with both exothermic or endothermic effects) can be 
demonstrated by integrating Equation III-37 after setting 


at. = O. The closed-form, analytical integration is possible 


ue >>) (9-1) (III-48) 


that is, for fabrics with low ignition or melting temperatures 


then oy ie M5 (Q-1)/m and the ignition time 


Sle ey ln —-—_—____———_- (III-49) 


depends on two parameters, namely T, and (15/7) where 


19) abe Ke: 
a ee ag OE we x 
= 5 (ITI-50) 


O 
pe) 
| 


This contraction of parameters is the result of ignoring 8-1 in 
the sum me. Heep Ewel.. 

When T ) > O (exothermic reaction) then Ts is less than unity 
as it should on account of the fabrics deliberation of heat. When 
ae O (inert heating) then in Se 1 and Equation III-46 applies. 
However, when T, < O (endothermic zero-order reaction) singularities 


@ccur in the solution; Equation IITI-49. The first. singularity 


Occurs when no ignition takes place because hia -l and, at some 
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fabric temperature, the incident energy is totally absorbed by the 
endothermic reaction. Should that occur at the initial temperature, 
then Equation III-49 would degenerate into its second singularity, 
that is, ignition is also impossible when 1 - T, @Xp (—15/7)) = 0. 
The entire range, of possible Ts in accordance.with Hquation IiI-49 
‘eme4 T. = ielor exotherm C.reactions and.) < Ts < oo for endo- 
thermic reactions with -l < ees O. There are no solutions for 

=1 > ™, > 7 @Xp (15/7) and the mathematically possible solutions 
for Byes aneeeP (15/7) < - 1 cannot be expected to be physically 
meaningful. 

All the conclusions drawn from this analysis of a zero-order 
reaction are subject to the rather restrictive condition that 
there be no significant depletion of decomposable material. One 
would therefore expect the zero-order reaction model without 
convective losses to apply only to those cases of intense heating 
where ignition occurs early during pyrolysis or drying, or where 


ignition occurs without endothermic reaction. 


De wo trrors., Associated With. Partial Modeling 


There are two methods to estimate the errors associated with 
partial modeling of the fabric ignition process. The first method 
is the comparison of analytical results calculated from the 
Simplified ignition model with experimental ignition data. The 
comparison may produce disagreement between calculated and experi- 
mental results in which case the model is inadequate to the extent 


of the disagreement, provided that the experiments are reliable. 
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If agreement is found with a particular model which includes a set 
of processes (such as sensible heat storage, convection losses) 
and if disagreement is shown between experimental data and another 
model which includes only the processes neglected in the first 
model, then one concludes that the first model is adequate. But 
if only the first condition is met then there remains some doubt 
concerning the correctness of the simplifications or partial modeling. 
As an example, ignition may be delayed either by convective losses 
or by endothermic effects or by both with partial compensation by 
exothermic effects. Conceivably, there could be three partial 
modeling analyses in acceptable agreement with experiments. 

The comparison of experimental data with the computed results 
is presented in Section III-E and shows that the error associated 
with partial modeling depends on the fabric properties. 

The second method is based on the presupposition that all the 
fabric properties are known and that the complete mathematical 
description, Equations III-9 through 17, is adequate. Then one 
can either estimate the relative magnitude of each term in the 
governing equation and conclude as to the error associated with 
the omission of a term, i.e. a set of parameters, or one can 
execute the integration of both the complete and the simplified 
equations and calculate the error from the difference of the 
results. 

A complete and vigorous discussion of the errors associated 
with partial modeling involves the combination of both methods and 
appears impossible without reaction kinetics data of fabrics 


available. However, the analyses carried out on the basis of 
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inert heating reveal nevertheless when certain simplifications can 


Hewmade. .. These. are discussed below. 


ie Error of Lumped-Parameter Analysis 


All fabrics in the primary GIRCFF set have optical thicknesses 
K below 0.4, all but one fabric have ce < 0.3. Numerical solutions 
to Equations 33 have shown that the ignition time error introduced 
by the lumped-parameter analysis ranges between 4% and 7%. This 
result was obtained by integrating Equations III-33 for Ke = 0.284 
BeeLOuetabric GIRCKF ¢5) for thevirradiance levels 1.0 < (N53) rad 
po .O00 FOr 4.15 0< Me 102.8. 0 wien? , and no convective losses. The 
higher discrepancy (7%) was obtained for the high heating rate. 

The sinclusion ‘of chemical reactions and ‘of free *convection 
is not expected to alter the error estimate because chemical 
reactions are as uniformly distributed throughout the fabric as 
its temperature, and convection alters the temperature distribution 
insignificantly. The lumped-parameter description merely replaces 


the inherently flat temperature distribution by a constant, mean 


temperature throughout. 


2. Mrrorto f Ignition Models Without Convective Losses 


The convection parameter Ty) defined by Equation III-40, 
represents mainly the shape and size of the heated fabric area. 
It is the ratio of convective heat loss over incident heat fluxes. 
At intense heating with 7, * 0.2 the ignition time calculation is 


affected by less than 12%. As the heating intensity decreases and 
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™) increases to 0.9, the ignition time increases by a factor of 
2.6. With further decreases in heating intensity convection 
becomes rapidly overwhelming and eventually prevents ignition as 
the ignition time tends toward infinity,t, PA OO 

Within the range of experimental heating intensities in the 
Ignition Time Apparatus, 0.1 < hy gh 0.9, and the influence of 


convection on ignition time causes the ignition time to grow by 


aetactorn between 1.1 and 2.6 at most. 


Se Error of Ignition Models Without Chemical Reaction 


This error cannot be clearly identified for the fabrics 
tested since no reaction parameters are known. Of greatest interest 
for the ignition time measurements is the ignition delay found 
in cotton fabrics. Activation energy, pre-exponential factor and 
enthalpy of pyrolysis for a-cellulose have been published by 
Akita and Kase [III-7] and may be used to estimate the order of 
magnitude of the parameters describing the chemical reaction of 
COLctOn. 
3° Tar Ter and Te defined 
Peeecquations IlI-26, 27, 28, 41, 42 and 43. Knowing the ignition 


These parameters are T Tr 


O 
temperature is essentially equivalent to the knowledge of the 
parameters 7T., and 7 


2 4’ 


the assessment of the effects from parameters Ty Ter and Te: 


together with ea Consequently there remains 


With regard to endothermic reactions such as drying, pyrolysis 
and melting, one can say summarily that whenever the endothermic 


reaction is completed prior to ignition, then the normalized 
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ignition time i increases due to endothermic reaction by the 
quantity poe (AHL) ./ (aw t.), that is the ratio of energy consummed 
by the reaction to the energy absorbed by the fabric. Whether or 
not the reaction is completed prior to ignition depends on A and E, 
the pre-exponential factor and the activation energy. The above 
Paci0 Ws equivalent to Tee 
When the endothermic reaction is essentially incomplete at 
ignition time (ignition of pyrolysis products when rate of evolution 
and gas temperature are sufficiently high), or when partial melting 
precedes ignition, or when ignition occurs at the beginning of an 
exothermal reaction then ignition delay or acceleration can be 
estimated by means of Equation III-49. Taking T/T = Ab vas for 


a-cellulose one obtains for the non-dimensional ignition time Ts 


the following reductions and increases as a function of Ty? 


tapes Lhied. isscimate of Error Due to 
Neglecting Zero-Order Reaction 


Reaction Non-dimensional Error trom 
parameter* ignition time setting 
uv a Tes O 
Endothermic ent} 9.9.9 1.461 -46% 
=0'. 900 Leilor oe 
-O02800 Lekow, = es 
-0.600 1.034 - 3.4% 
= Ula) VOLS = Los 
Inert =O. 000 1.000 one 
Exothermic Led 029538 + 4.63% 
2a 0 0.9314 + bio S 
3.0 0.9076 9 one S 
was) 0.8805 +12% 
10.0 0.8400 +16% 
LOO. 0 0.6910 +318 


St, 1S defined by Equation III-41 
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This table indicates the possible errors resulting from neglecting 
chemical reaction for a particular value of (15/7) - General error 


estimates are readily evaluated from Equation III-49. 


nee) COnpDarison of Analytical with Experimental Results 


Ignition time and thermophysical properties were measured for 
the ten primary GIRCFF fabrics as discussed in Chapter II. These 
ten fabrics are listed in the order of their GIRCFF numbers in 
Table II-1l, but are divided here into three groups: 


PeaeeLOoQseCOtton, GLRCERPrabwic Nos. 5, £10; 18, 19 
(cellulose) 


Zoe lastic Polymers, GIRCFE Fabric Nos 2, cll,F12, 13 

3. “Blends on Cotton and Polyester, GIRCFF Fabric Nos. 8, 17 
Figures III-5, 6 and 7 show, respectively the experimental ignition 
data for Groups 1, 2 and 3. The non-dimensional ignition time 


T. is plotted versus 1l- where ™) is the convective heat loss 


Th. 
parameter that characterizes sample size and geometry and that is 
the only independent parameter appearing in the ignition model 
without chemical reactions. In Figure III-5 are indicated the contri- 
butions to the ignition time by sensible heating, convective heat 
losses and endothermic reaction. The parameter Ty) is evaluated 
With the convective film coefficient ne = 3.82 x LOdr wateuG yi 

All cotton fabrics, except the five retardant treated GIRCFF 
Fabric No. 19, show the same behavior. Energy requirements for 


ignition are up to twice as large as can be accounted for by 


sensible heat storage and convective losses, the balance being 
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NON-DIMENSIONAL IGNITION TIME 
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Pigure III-5. Comparison of Fxnerimental Tonition Data 


With Inert Heating. Ignition Model For 
Four Cotton Fabrics 
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Figure III-6. Comparison of Experimental Melting Data 
With Inert Heating Model For Plastic 
Polymeric Fabrics 
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Figure III-7. Comparison of Experimental Ignition 
Data With Inert Heating Ignition Model 
For Blends of Cotton and Polyester 
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93 
considered necessary for pyrolysis. The significance of pyrolysis 
decreases with increasing heating intensity. Fabric No. 19 does 
not fit this pattern. Its non-dimensional ignition time is less 
than unity, suggesting ignition accelerating energy deliberation 
from exothermic reactions. One point each for Fabrics No. 5 and 10 
and two.points each for Fabrics No. 18 and 19 are not reported since 
the Ty) parameter evaluation resulted for these fabrics in values 
greater than unity. The inert-heating ignition model cannot 
Meee on tions for Tao) (1.5>.,0o for 1m. = 1)), and negativer values 


J 1 x 


of (l-1,) cannot be reported in the semi-logarithmic chart. 


al 

Plastic polymeric fabric’ ignition data are plotted in) Figure 
III-6. Polyester shows strong influence by endothermic reactions 
prior to ignition, with the same general pattern as for cotton 
Fabrics. Both-the results from Factory Mutual [III-8] and Georgia 
Tech are represented. The other plastic polymers show relative 
small deviations from the inert-heating ignition model. 

Cotton-polyester blends show ignition characteristics that 
differ from both those of cotton and of polyester, as may be seen 
in Figure III-7. With decreasing heating intensity both blends 
approach the ignition pattern of inert fabrics. Also, with 
increasing irradiance ras 1.0, while there is approximately 100% 
deviation at Ty) oO eh 

In general, it may be concluded, that reaction kinetics are 
as important as sensible heat storage and convective losses during 
the ignition process. Based on inert heating, the self ignition 


analysis under-estimates ignition time by a factor of up to two in 


mie case of eight fabrics, by a factor of up to three in the case 
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of one fabric, and over-estimates ignition time by 50% in the case 
of one fabric. Pyrolysis enthalpies of anproximately 2pcé (T;-TO) 
are suggested by the experimental data to be associated with 
endothermic reactions prior to ignition of nine fabrics, 

Figure Ill+8sis theloriginal plot of non-dimensional ignition 
time (N 


)s versus non-dimensional irradiation (N,.) as presented 


Fo rad 


in Chapter II but with two inert-heating ignition models included. 
The two models are inert heating with and without convective 

heat losses, and the chosen fabric is GIRCFF No. 10. This figure 
demonstrates the significance of convection losses at low radiative 


heating levels. 
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IV. CONCLUSIONS 


The Analysis has lead to the conclusion that under radiative 

heating and free convection heat losses 

ie for fabrics whose optical thickness (product of physical fabric 
thickness and radiative extinction coefficient) is less than 
D2 a lumped-parameter) analysissdescribes isubticiently well 
Che idniction process ‘to. predict mignition time, 

es. for fabrics with optical thickness less than 0.5 (all primary 
GIRCFF fabrics), conduction within the fabric plays an 
insignificant role, thermal conductivity measurements are 
now necessary. 

This most important conclusion simplifies significantly the modeling 


analysis. 


Considering inert heating by a radiative heat source, fabric 
ignition time is related to fabric properties such that 
3. fabric ignition time increases proportionally to the product 
of fabric mass per unit area (p6) times specific heat (c) 
times excess of ignition temperature over initial temperature 
Niele og divided by the radiative absorption coefficient (a), 


OG 


t. uw Océ (T.-TO) fa (IV-1) 


4, the proportionality coefficient implied in (IV-1l) increases 
with decreasing heating intensity and with increasing ratio 
of excess of ignition over initial temperatures, Cer Oe «0 


the radiative absorption coefficient, (a). 
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Convective heat losses during radiant heating to ignition 
increase ignition time significantly, except’ during intensive 
heating (with ignition times of less than five seconds in the 
case of the primary GIRCFF fabrics). 


Pre-ignition pyrolysis may significantly retard or even 


Prevent wonition (see Chapter .P11-C.3b for iestimateof conditions. ) 


Exothermal reaction effects are indirectly prescribed at 
least in part, through the specification of ignition tempera- 
ture; the effects may be responsible for ignition to occur 
even in limiting cases where convective heat losses would 


prevent the fabric from reaching ignition temperature. 


The Experiments have shown that for the primary GIRCFF fabrics 
mast ler properties that are essential to’ the 1gnition process 
can tentatively be identified as: 


mass per unit area 
specific heat 
ignition temperature 
radiative absorptance 


enthalpy of pyrolysis 
the measurements of these fabrics may be considered to be 
part of the partial modeling process. 
Specific heat varies widely, between 1.2 (acetate) and 2.4 
Ws/gC .(cotton) from fabric to fabric and between 1.4 and 
2.4 Ws/gC as a function of temperature. 
Thermal conductance is found to increase with temperature 
and to increase generally with increasing contact pressure 


(the only exception is nylon tricot); conductance was found 
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to vary between 6.5 and 30 mW/em-c, over all fabrics, as a 
result of both temperature and pressure variations. 

Melting fabrics melt all in the narrow temperature range 
between 218 and 255°C, selt- ign clon temperatures range 
between 300 and 500°C, with cotton batiste having the lowest, 
cotton flannel the highest self-ignition temperatures. 

Only approximately 20% of the radiative energy incident on 
Ene efabric is absorbed by the fabric. 

Ignition time depends strongly on chemical reactions prior 
to ignition. Cellulosic fabrics ignite up to three times 
Slower than predicted by inert reaction models. For plastic 


polymers the retardation factor is less, about 1.5. One 


fabric showed a 20% reduction in ignition time due to exothermic 


reaction. 
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APPENDIX A 


THERMOPHYSICAL PROPERTY SUMMARY 
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6. 


Appendix A.] 


Thermovhysical Property Summary 


Textured Woven Blouse 
GIRCFF Fabric No.2 


Description 
Fiber Composition: 100% polyester 
aeh Ve) ae Yellow 

Mass Per Unit Area: A sh mg /om? 


Specific Heat 
Temperature 50 Las 200 eG 
Spec. Heat 1.42 1.42 1.42 Ws/gU 


Thermal Conductance 


(1) Contact Pressure 528 N/m" 


Temperature eB) Boeel 124.6 ba: 
Gonduetance 20-31. 9221.0 8) mez dei ee Wrenew 
(ii) Contact Pressure 866 NiAme 
Temperature S343 Bares a 
Conductance 21.0 Zonk W/om?k 
(iaa) (Contact Pressure 1,3:70 N/m 
Temperature 198 "¢ 
Conductance pT Pee W/om?K 
Melting Temperature, self 255°C, pilot me 
Infrared Optical Properties 
Re Grint aa Charred 
at rc 
Absorptance OF asses 
Reflectance Os OiL 
Transmittance 0.346 
Optical Thickness 0.208 
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Appendix A,» 


Thermophysica] Property Summary 


TP Shiwh a Jensey ers. 


GIRCFF Fabric No. 5 


Description 


Fiber Composition: 100% cotton 


Color: White 


Mass Per Unit Area: 13.71 mg/em* 


———— 


Bee Co eat 


Temperature 50 125 200 dt 
Spec. Heat 1.69 1.88 Ws/gc 
Thermal Conductance 
(i) Contact Pressure 528 Nvne 
Temperature 70.9 E30 VD mee 0670 nC 
Conductance 7o.2y Seph | Neb tsp W/om* x 
(ii) Contact Pressure 866 N/me 
Temperature 97.4 138 Ao 
Conductance iiey cpl eee W/em* K 
(214/) ‘Contact Pressure 1,370 N/m 
Temperature 16.5 aC 
Conductance Lee0'2 W/om* K 
Tgonition Temperature, self 311°C, pilot 311°C 
Infrared Optical Properties 
TT Che Original Charred 
at206°C 
Absorptance Ones Ome 
Reflectance OM 2)h 0.442 
Transmittance O1296 0.353 
Optical Thickness 0.282 0.304 
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Appendix A, 3 


Thermovhysical Property Swoamary 


ee 


T-Shirt, wersey 


GLRCEER fabric, NoOw.2 


Des scription 
Fiber Composition: 


Color: White 


Mass Per Unit Area: 


specific Heat 
Temperature 50 
Spec. Heat Lees 


Thermal. Conductance 


65/35% Polyester/Cotton 


LOR mg/em? 


ta) Contact Pressure 528 ne 


Temperature 


Conductance 


68.4 129.6 2059. 2@ 
7.63 10.50 er eae lie! Nene 


(ii) Contact Fressure 866 Ne 


Temperature 


Conductance 


(i311) Contact Pressure 1,370 N/a 


Lenperatvure 


Conductance 


Ignition Temperatuire, self 439°C, pilot 304 °C 


Infrared Optical Properties 


Absorptance 
Reflectance 
Transmittance 


Optical Thickness 


bon aba "¢ 
Wieck) Ole wen e 
Uae 4 °C 
RS a W/om"x 
Original Charred 
at 206°C 
OPLG4 OS a0 
0.560 0.489 
0.276 Oc £47 
0.272 0.833 
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Appendix A.4 


Thermophysical Property Sunmary 


Batiste 


es i ee - e e 


GERCER Pabric: Now. bo 


Description 
Fiber Composition: 100% Cotton 
€olox: Purple 

Bass Per Unit Area: aaa ma sere 


Specific Heat 
Temperature 50 yes 200 
Spec. Heat ¥. 25 1.94 


wiermal Conductance 
(i) Contact Pressure 528 N/m 
Temperature 67.8 28 34 95 a3 
Conductance 17.48 20.19 20 267] 
(ii) Contact Pressure 866 Ue 
Temperature 
Conductance 
(itt) Contact Pressure 1,370 MN fme 
Temperature RDS 


Conductance 25.36 


ia © 
Ws/gC 


2 
2 
W/em™ K 


aC 
W/om- K 


gC 
2 
W/cm” K 


Ignition Temperature, self 429°C, pilot 339 °C 


inerared Optical Properties 


Oni ginal 
Absorptance 0.200 
Reflectance 0.406 
Transmittance 0.394 


Optical Thickness O2286 


Charred 
at 196°C 


0.422 
ae oa) 
OF Zo 
0.570 
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Appendix A,5 


Therinophysical Property Summary 


eggs ONE cae 


GErRCEF Hapric Noe oe 
Description 
Fiber Composition: 80/29% Acetate/Nvlon 


Soreor: ‘Thite 
2 
Mass Per Unit Area: Livsleme/em. 


Pec crere Neat 
Temperature 50 125 200 <e 
Spec. Heat P45 hae Tey Ws/gc 


Thermal Conductance 


(Vv) Contact Presslire 528 Nae 


Pemperature 75.2 hs P3032 ae 

Conductance 6.50 708 8.08 W/omK 
(ii) Contact Pressure 866 Nene 

Temperature 86.2 Lac 

Conductance 7.46 W/emK 
(iii) Contact Pressure 1,370 Nye 

Temperature Udit! "6 

Conductance Seb W/emK 

Melting Temperature, self 218°C, pilot Bi 


Infrared Optical Properties 


Original Charred 

at 7c 
Absorptance O63 
Reflectance 0.508 
Transmittance 0.329 


Optical Thickness Oe2e2 
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Appendix A.6 


Thermovhysical Property Summary 


ee Tricot 


GIRCFF Fabric No..12 


Description 


Fiber Composition: 100% Nylon 
Color: White 
Mass Per Unit Area: 8.91mg/em" 


Specific Heat 
Temperature 50 125 200 
Spec. Heat iy 2 Zee 


thermal Conductance 
(i) Contact Pressure 528 N/m? 

Temperature 76.1 96.3 212 30 
Conductance 19.3 O00 5 20 ess 

(ii) Contact Pressure 866 N/m? 
Temperature 56.1 D2T 2 
Conductance 17.35 20.8 

(iid) wortact Pressure 1,370 N/m? 
Temperature 73.5 
Conductance 17.89 


Melting Temperature, self 237°C, pilot 


Infrared Optical Properties 


Original 
Absorptance O27. 0 
Reflectance 0.397 
Transmittance 0.433 


Optical Thickness 0.188 


= 
Ws/gC 
SC 
W/om?K 
ae 
Wena 
he 
2 
W/cm’ K 
a 
Charred 
at AB 


104 


Bate 


> a \\W } ).' €.€f soresoubaog 
et ak sivesoud ¢osgnoe 

9 Cc.£6 1.42 sastex9eqgmet 

* yey B,O% SoviesoubdoD 


“i ‘aL ie ie Sh - “oo . ae) 7 " 
oes y ae yo ea 
i ‘ ' : bi Km rete rt 
A ; ni PVs AS ih x _ a A 
iol (a 7 
su me . ; iT ie ae 
dA. x aaagqga 1 Se 
1 ’ } -- 7 


ytatune ytiscerd fac tevilyoocad? 


Gala 2 
cia) 


nol yi Mobs C2agNoed 


r< 


cn" 


t m 
sae. Jin 


—_ 


to8 


S1N 3 6286 


tso oe 


201169 SU BNOS 


n\ M845 rigesT”d Juaane? 


L.av oxptsrecia® 


toBIj 009 


fyuesost? 
“yo c-t\ sxyutsxeqnsT 
od Wy | C8. I eo nesouhnaDd 
tive ,exvasiequeT Be 


a 
» 


q tsoitsgo Bowe 


. i, 


26 
eset QGior 
aniston 

sonets imer 
nsonxnoLaT Leo 


a 


a2 


6. 


Fiber 


Color: 


Appendix A,.7 


Thermophysical Property Summary 


a i ie i ap ee 


GURGEE Fabrrec’ Naw 3 


Mass, Ber 


Specific 


Tempe 


Spec. 


ion 
Composition: 00s Acetate 
White 

Unit, Buca: 9.40mg/em* 
Heat 

rature 50 125 200 
Heat BL aes Fi) 1.68 2.09 
Conductance 


ee ee + 


(ii) 


(4)3.15) 


Melting 


Contact Pressure 528 NANG 
Temperature 72.1 94.9 12 57el 
Gonducrances 12°21.) 18.07) 15.86 
Contact Pressure 866 N/m? 
Temperature 91.7 

Conductance 18.82 

Contact Pressure, -1,370 Ny/me 
Temperature 76.9 

Conductance 17.56 


Temperature, self 218°C, pilot 


Infrared Optical Properties 


Original 
Absorptance Ose Gey, 
Reflectance 0.443 
Transmittance 039.0 


Optical Thickness 0.208 


EG 
Ws/gC 
eg 
W/emK 
nes © 
2 
W/cm’ K 
bel Ce 
2 
W/cm’ K 
“G 
Charred 
at 40 
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Appendix A, 8 


Thermophysical Property Summary 


Batiste 


—— a eS 


GIRCFF Fabric No. 17 


Description 


Fiber Composition: 65/35% Polyester/Cotton 


COLOr: Nhite 
9) 
Mass Per Unit Area: 8.55 mg/cm” 


ppecific Heat 
Temperature 50 nD 200 “A te 
Spec. Heat tage fies 4 eg Ws/gC 


Thermal Conductance 
(i) Contact Pressure 528 nu ae 
Temperature 72.6 128.0 199.3 °c 
Conductance 17.34 22.48 26475 W/cm’ K 
(ii) Contact Pressure 866 ae 
Temperature ug 
Conductance W/om>K 
(1i1) Contact Pressure 1,370 N/m? 
Temperature Ll bee 5g 
Conductance 30741 W/om*K 


Ignition Temperature, self 463°C, pilot 368 °C 


Infrared Optical Properties 


Original Charred 

at T9O9OC 

Absorptance 0.164 OS261 
Reflectance 0.464 0.464 
Transmittance thes. Sie 0:86 35 


Optical Thickness 0.208 0.274 
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Appendix A,9 


Thermopvhysical Property Suinmary 


ee Rss Ale ee 
GIRCFF Fabric No.18 


Description 
Fiber Composition: 100% Cotton 
GOLOr: Yhite 


Mass Per Unit Area: 2a8s mg/en? 


epecific Heat 
Temperature Sv 225 200 °c 
Spec. Heat 1234 1.69 Ze BZ Ws /gC 
Thermal Conductance 


(i) Contact Pressure 528 N/a 


Temperature 73.0 134.4 205s 3 e¢é 
Conductance 5.55 Gai2 8.74 W/em’K 
(ii) Contact Pressure 866 N/m? 
Temperature = 
Conductance W/om-K 
Stary Contacte Pressure 17370 N/m 
Temperature 78.6 °G 
Conductance 7.96 W/em?K 
Temperature, sell 301°C, pitet: 278 °C 
Infrared Optical Properties 
Original Charred 
ate 205°C 
Absorptance O76 OP 88 
Reflectance 0.573 Or 5 Sr) 
Transmittance 0.251 O22) 


Optical Thickness Ora 32 0.368 
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Appendix A.10 


Thermovhysical Property Summary 


GIRCFF Fabric No.19 


Description 
Piper Composit tion:. “100% 
Efe hs velr: White 
Rinish : rire 
Mass Per Unit Area: TAs 


—— -——  - 


Specific Heat 


Temperature 50 ee 
Spec. Heat 15 Sy) Une 
Thermal Conductance 
(i) Contact Pressure 52 
Temperature 73.0 
Conductance 5.33 
(ii) Contact Pressure 86 
Temperature 
Conductance 


fare Contact Pressure 1, 
Temperature 77.8 


Conductance 8.55 


Flannel 


Cotton 


Retardant 
gimg/cm 


S 200 
a7 2.44 


8 Nine 
1347102 0Ges 
reds | ne ehteys 
Satins 


370 N/mé 


AG 
Ws/gC 


bah 
au 
W/om' K 


2c 


W/em- 


K 


Ae 
2 
W/cm’ K 


temperature, Sselt §4631°C), Bprlot 31617 


Infrared Optical Properties 


Absorptance 
Reflectance 
Transmittance 


Optical Thickness 


Original 


OQ. 201 
0.602 
O01 97 
0.428 


Charred 
at 204°C 


0.461 
0.267 
Ona 
0.620 
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Appendix B.1 
The Ignition Time Apparatus 


The Ignition Time Apparatus, designed to meet the specifications 
listed in Chapter II-A.1, is shown schematically in Figure B-1 
and the assembly in Figures B-2 through B-6. The device consists 
of four major components discussed in Part b of this Appendix. 


i) the shutter system 
ii) the radiant heater 
iii) the sample support 


iv) the instrumentation for timing and flame detection. 


ae wperating Brinciple of Ignition Time Apparatus: The 
radiant heater is first energized to reach radiative equilibrium 
while the fabric sample is shielded from the heater by the first 
shutter plate. The release solenoid (near the front edge of the 
table in Figures B-5 and B-6) releases the first shutter plate 
which rapidly exposes the fabric sample to the radiant heater and 
triggers two dual-channel oscilloscopes shown in Figure B-10. 
When ignition occurs the infrared flame emission activates the 
infrared detector shown in Figure B-9 which deflects one of the four 
oscilloscope beams. Ordinarily this completes the principal 
ignition time test. The heater is deactivated, the shutter spring 


recocked and a new sample inserted. 


The energy transmitted through the fabric sample is monitored 
by a thermoelectric radiant heat flux meter maintained essentially 
at constant temperature. The second oscilloscope beam traces this 
transmitted radiant heat flux behind the fabric while the other two 


beams serve for the timing references. Furthermore, the shutter 
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system is capable to expose the fabric for a limited time interval 
in that a second shutter plate can be released to interrupt the 
radiant flux after a selected time interval (0.2 to 60 seconds) 
following the exposure by the first plate. This procedure affords 


the detailed study of thermal degradation on the fabrics. 


b. Design Features of Ignition Time Apparatus. As shown in 
Figure B.1 the first three major components as listed above are 
mounted onto the 1 in x 12 in x 66 in base plate made from 6061- 
T651 aluminum tooling plate. The 1.500 in wide and 1/8 in deep 
slot milled lengthwise along the centerline serves to line up 
accurately the subassemblies of the shutter system. 

i SoutheeShutter tSystem 
consists of the shutter, the shutter release and catch system and 
the cock and uncock system, one each for exposure and subsequent 
closing actions. Figure B-l shows only one half of the system; 
the other half is essentially symmetric. 

Each shutter consists of the shutter plate which is held 
vertically in the plate guides and connected to a heavy, helical 
Spring by the slender operating rod. The operating rod engages, 
at its necked-down sections, with the release and catch mechanisms. 


After being cocked and released the spring accelerates the shutter 


plate. Then the rod is caught by the catch mechanism when it 
reaches, for the first time, the instant of zero velocity and 
extreme spring deformation opposite to its starting position. While 
Sweeping across the fabric sample center with its exposing or 
shielding edge, the shutter plate reaches its maximum velocity and 


its edge traverses the fabric sample in approximately 5 milliseconds. 
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The shutter plates are made from 0.032 in thick, stainless 
steel and travel in pairs of slotted brass assemblies bolted to 
MeUniouUNne al extrusions  (6061-T651) one’ of which’ is fitted into 
the base plate slot and the other one is mounted to the top protrusions 
machined on the spring housing supports. The operating rods which 
connect shutter plates and springs are made from drill rod and heat 
treated to maximum hardness. They travel in bronze bearings pressed 
into cylindrical blocks at the shutter side of the tubular spring 
housing. The outer ends of the operating rods are connected to 
the inner, mobil spring terminals which are made from hot-rolled 
eeeeleand machined to screw;tightly into a spring end. Similar but 
larger spring terminals, flanged to the outer, jack side ends of 
the spring housings hold the stationary ends of the heavy, primary 
Springs. The primary springs are 8.50 in long, have the helix 
diameter of 1.75 in, 20 turns and are wound from 0.250 in diameter 
wire. Their spring constant is 100 lbf/in and their maximum ‘ 
deformation is 2.50 in. The spring mass is approximately 1.20 lbm 
and comprises fifty percent of the effective translating mass. 

Each of the primary springs is enclosed in the tubular spring 
housing which is flanged axially against the outer, jack side 
spring housing support and also supported by the inner, shutter 
Side spring housing support. 

The shutter release and catch mechanisms serve to release in 
selected time intervals the exposing and shielding shutter plates 
under dual shutter operating mode and to catch the rod at the 
proper time as discussed above. Both mechanisms are similar and 


mounted to the base plate as well as the inner spring housing 
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support blocks. Each of the four mechanisms consists of a brass 
yoke carried by a pair of hardened rods (tool steel) which are 
attached to a Model 446-1, AC push-pull solenoid of 608 oz capacity. 
The brass yoke engages with the operating rod at its necked-down 
sections. The steel rods travel in sintered bronze bushings 
pressed into the aluminum blocks which support the release and 
catch mechanisms. The catching yoke is held against the large- 
diameter section of the operating rod by two small compression 
springs, the secondary springs, which push the yoke into the 
reduced diameter section of the operating rod at its end position. 
The catch yoke is released from the primary spring load by the 
eocking*jack. 

The cock and uncock systems serve to expand or compress the 
primary springs for cocking and to return the springs to their 
neutral positions. These systems consist each of one heavy duty 
automotive screw-type jack and a steel rod which connects the jack 
to the mobil spring terminal. The jack is bolted to the base plate 
via two "L" profiles as can be seen in Figure B-9. 

ii. The Heating Source 
necessary to produce the fabric sample irradiation between 800 and 
50,000 Btu/(hr BEA) ORO e25T EO 8D Sa fydene consists of a Model 
5208-5 High Density Modular Radiant Heater purchased from Research, 
Inc. and a variable autotransformer suitable to adjust the power 
level continuously from zero to full power at 7.2 kW. The heater 
contains six tungsten filament tubular quartz lamps, Model 1200 


T3/CL from General Electric. The lamps have the active length of 


tf 


= 


‘cevd @ fo atefandd aireingsinem <hoT a7 Do" Nosa . eISOL ars 
stk Aske tieeta food)’ tbo bensirsdt to Wisgq *& yd‘ be : 
. a ils ae 
Neko “xc 80d to Bioasloe Pfhuq-dendg DA", 1-088" [500m Bre - 


Jipehebaiten war ge Bor Sertiaveqs ods Adie sepsepns’ Sney 


sanniasud ssnoud bexetatie at fevers ebou Loads ont ; 


Ain geeotoy eds tuouene Ab triw azvold mutinsis sass 


' 5 akak ch mad afin ; 
-sH*xel adt sentsars bIisah Bf SAOY POI RISO & TT r ame Las V ' 
: fu. = ; ( aa 
' 4 
Shi dbo vane: site ow? va Bot prideroqo ody Fo Hosea 


yy 4 

i 

Be» i 
7 s 


© ‘ 


't{ atnt sctoy sad mevdg nd tiiw (een j ace ¥ tsbaosyae sis y BD 


’ . se 
. ° r : i. Lj Bey + , f 5 oqo . f+ - molLsase 1Ss7oms 2 


ety: 
= t 


Beof pniagea Yubmiig #nt mot: beesslor et stoy Pat 


ree, 7 
7 ie 


aa 

u¥6 ot evtok dnsteye weoony hrs ane 
“? i ar h i 
as 


NZ drunrser i bas priscos 10)? spriaea 


iveBor tin “bo Hose te cemoo sreteyea vsesrt tite ee) 


Leste « bas Fost’ stys-wetoaae 
7 a © 6 
ys 


64 Bats iod t Asatr ont Jenione? preixve Te 


-F Sole & sooo ed méo es eeliliormg oe 

ia 

an xs08 pnrksseh ont te 
ey | he 

| sh vitae?! s4y° Souboug? oem 
néeawied dotjsarhbars: slomsee ViTasT oO xy sounorig & 
: aby te abet me) i, 
{abomM » toettiexnos ~mo\W #2 oF @&..0 0 5} ref} 
. a 
y mort Berstowd ween Jaeibss telybom vai ened fp 


ee 
~Yawoa SHS’ Se0t BK OF olds Tye “omtrotene syotrs Slusitsv’ & 


ul 
_ 
' 


ce 
by 


j aT 
eteed Sat Owe) SOY yet vetoR Lintot ofes mex vlevogot ane A 


pe ™ 


00S TYobort sohel Seisep Yakoty! sHsne TI nevepney 


0 rons avisos Sr ever eqnet eft’ . fr POShA’ Lexwnse! oF 


i wt 20 dhew ek wtele Beye ee oe 


ot 
: 


113 


6 in, produce 1.2 kW and are air-cooled. The highly reflective, 
aluminum lamphousing is water-cooled and emits the radiant heat 
meus chirough’ its? 6) in’ 3' in’ quartz window atthe rate of 937.8 
eG Or 42075000) Btu / (hr ety An insulated shield with a 1-1/2 
in opening separates the heater from the shutter. 

The heater is mounted to the base plate of the Ignition Time 
Apparatus via a transite block, such that the distance between the 
heater window and the shutter plates is 0.25 in. The resulting 
distance between fabric and heater window is approximately 1 in. 

iii. The Sample Support 
as shown in Figure B-7 is designed to position the fabric sample 
parallel to and at most one inch away from the heater window and to 
expose a 1 in diameter circle of the fabric to the heater while the 
back face of the irradiated sample is free to accommodate the 
radiometer which senses the heat transmitted through the fabric. 
The principle arrangement of the fabric sample with respect to the 
heater, the shutter and the sensors is shown in Figure B-8. 

iv. The Timing and Sensing Instrumentation 
consists of a microswitch, activated by the exposing shutter plate 
and signaling the start of the exposure, further of a Mark 1 
Infrascope by Barnes Engineering to signal ignition, of a Hy-Cal 
Model C-1301-A thermoelectric heat flux meter to measure the energy 
transmitted through the fabric and, finally, of two dual channel 
oscilloscopes equipped with Polaroid cameras to record the signals 
from the microswitch, the Infrascope and the flux meter. Typical 
Ooscillograms are shown below. Ignition or melting is taken to occur 
where the extensions of the flat and step-rise curve portions inter- 


sect. 
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The timing circuit necessary to activate the release solenoids 
for dual shutter operation is not yet designed but will consist of 
commercially available, electronic (short-time action) and electro- 


mechanical timers. 
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IGNITION TIME OF FABRICS 
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Appendix B.2 
Fabric Calorimetry 


a. Apparatus Design 

The specific heat of fabrics is derived as a function of 
temperature from enthalpy measurements at various fabric temperatures 
and subsequent differentiation of enthalpy with respect to tempera- 
ture. The fabric is heated in the modified Setchkin Furnace (used 
previously for the measurement of fabric ignition temperatures) 
until it reaches thermal and chemical equilibrium at the preset 
furnace temperature. The fabric enthalpy is then measured in a 
drop calorimeter. Furnace, calorimeter and supporting instrumen- 
tation are shown in Figures B-1l through 14. 

The Setchkin furnace was fitted with longer legs to accommodate 
the calorimeter underneath the furnace and with an easily removable, 
insulating bottom. Its original ceramic liner tube was replaced 
by a steel tube and the new, removable bottom was clad by aluminum 
discs to produce a complete inner furnace lining of metal. The aim 
was to equalize the furnace and fabric sample temperatures. These 
are monitored by thermocouples. 

A stainless steel wire mesh basket of 3 in diameter and 4.25 
in length serves to contain the sample in the furnace, to transfer 
it from the furnace to the calorimeter and to contain it within 
the calorimeter. The sample size is approximately 80 grams. 

The calorimeter consists of the 2,150 cc silvered Dewar flask, 


the 5 in long sample receiver of 3.125 in diameter, made from copper 
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and suspended by three hooks from the upper flask edge, further of 
the copper lid which covers the sample receiver and submerges 
partially into the water bath, and of the solid foam lid which 
covers the flask and supports the 100-ohm, four-lead platinum 
resistance thermometer (Rosemount Engineering). Its electrical 
resistance is measured by the six decade Guarded Wheatstone Bridge 
(Leeds and Northrup No. 4737) with external galvanometer (Leeds 
and Northrup Null Detector Cat. No. 9434). 

Environmental temperatures are monitored by a mercury-in- 


glass thermometer. 


b. Operating Procedures 

Approximately 80 grams of the sample cloth is rolled up 
tightly into a cvlindrical wad and inserted into the stainless 
steel basket. Its mass is determined before the heating and after 
drying in a desiccator following its removal from the calorimeter 
at the end of a measurement. 

A thermocouple is inserted in the center of the wad, and the 
Sample basket is inserted into the furnace. After four hours or 
more, the thermocouple in the fabric is in thermal equilibrium with 
the constant internal furnace temperature, monitored by a second 
thermocouple in contact with the metallic furnace liner. No more 
evolution of fumes can be detected at this time. The furnace 
bottom is quickly removed and the sample basket is dropped into the 
copper sample receiver within the preconditioned calorimeter. The 
copper lid is placed over the receiver without being touched by 


the operators hand, and the calorimeter is closed. 
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The calorimeter is preconditioned by adding precisely 1,250cc 
of water which has been mixed from hot and cold water to have room 
Pemperature + 0.2°F. The calorimeter is closed and allowed to reach 
equilibrium. Then its initial temperature is recorded to an 
eccuracy of + 0.002°C, and the sample is inserted as discussed above. 

During the equilibration period of between 45 and 90 minutes 
the calorimeter temperatures are recorded at equally spaced time 
intervals (for the purpose of heat loss corrections) and the calori- 
meter bath is manually agitated to prevent thermal stratification. 
The equilibration period is extended beyond the time of maximum 
Calorimeter temperature until the fabric centerpoint temperature is 
close enough to the calorimeter temperature that the resulting 
correcting for the residual enthalpy may be ignored. Finally, 
the fabric is removed from the calorimeter and weighed. 

The specific fabric enthalpy ho(t;). ASvaeLuUnCc LON Ores abe c 
temperature Aas (initially in the furnace) is evaluated in terms 
of 


& the water equivalent of the calorimeter, 


At. = Piel s the temperature rise of the calorimeter, 


2 the mean calorimeter temperature during 
T the equilibration period, 
ts the environmental temperature 
on the heat capacity of the basket 
tpt, the initial and final calorimeter temperatures 
Atay the residual fabric excess centerline temperature 
m the sample mass (after decomposition). 


by this relation 
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SH Feeiitoy+ At.) /31 mot PANN OL hes AL (B-2) 
eho Vel(tyos t. Sano) 
Q,,¢ = 1.6447 S82. (t-tQ)t, (B-4) 


Mes tabric enthalpy is arbitrarily set equal to zero at,20°C, 
and the first parentheses in Equation B-l correct for differences 
between final fabric temperature and 20°C. The second parentheses 
constitute the heat lost from the calorimeter and the enthalpy 
change of the basket. 

The correction terms are kept small enough that the overall 


uncertainty remains less than 2% in most cases so long as m,>70g 


f 
and f= 30 min. Difficulties arise chiefly from the mass loss 
during the decomposition in the furnace and from the fabrics 
inability to conduct the heat from within itself to the copper 


receiver. A typical data collection and evaluation sheet is shown 


on the following page. 


Seca lLoratvon 
i.. Calorimeter Thermometer 
The calorimeter temperature is sensed by a Rosemount Engineering 
platinum resistance thermometer. The temperature-resistance 


relationship is given by the Callendar equation 
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SPECIFIC HEAT MEASUREMENT — Tes NO. 
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MASS REDUCTION 
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The constants A and B are obtained by calibration at the steam and 
antimon points and were furnished by the supplier of the sensor. 
The resistance Ro at the ice point (OC) was obtained by measuring 
the resistance R3 at the Griple™point of water, produced, in. an 
Pauiphase Triple Point Cell with _t = 0.01 + 0.00005 Cc. Ro was 
Pountwto be 99°982-ohms. 

The constants A and B were verified by calibrating the sensor 
at slightly above room temperature. The equipment used for this 
calibration is shown in Figure B-12 and consists of a thermostatically 
controlled) (+0701°C)  °constant temperature bath (Haake NBS: Model), 

a calibrated thermocouple and potentiometer and the Wheatstone 
Sberdage@used "forthe calorimetry. The discrepancy between measured 
and calculated temperature rises was 0.6% and attributed to the 
axial conduction in the only partially submersed sensor, an effect 
which is not present in the calorimetric experiment. 

ii. Waterequivalent and Convective Heat Losses 

The calorimeter was filled with a known amount of hot water 
with known temperature and was allowed to reach internally thermal 
equilibrium. From the observed temperature history were derived the 
water equivalent C and the time-rate of convective heat loss per 
unit of temperature difference (Ah), between calorimeter and environ- 


ment. The cooling curve gives 
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from two temperatures ty and tit at two instances Ty and Tir 
The symbols C, oA and t represent the waterequivalent C;, the eat 
Capacity of the added water and the environmental temperature, 


respectively. The same energy balance which yields Equation B-7 


gives when evaluated in terms of initial and final temperatures 
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where (ti); is the known initial temperature of the added water 
and the other symbols were defined above or in Part b of this 
section. Substitution of Equation B-7 into Equation B-6 yields 
first the specific heat loss (Ah) and Equation B-7 gives then the 
water equivalent C. 

The calibration was carried out twice, once with sample basket 


and once without basket. The two resulting values for C differed 


by less than 2%. 
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Figure B.11. Drop Calorimeter for Measurement of Fabric Enthalpy 
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D-C NULL DETECTOR 


SERIES - CONSTANT 
TEMPERATURE CIRCULATOR 


POTENTIOMETER L&N 4737 GUARDED 


WHEASTONE BRIDGE 


Figure B.12. Apparatus for Calibration of Platinum Resistance Thermometer 
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Figure B.13. Calorimeter Components 
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Appendix B.3 


Guarded Hot Plate 


a. Apparatus Description 


A modification of the traditional guarded hot plate is used to 
measure fabric thermal conductivity. A carefully metered heat 
flux is passed through the sample of known thickness and the 
conductance is inferred from the temperature difference across the 
sample. 

A front sectional view of the single guarded hot plate apparatus 
designed to measure fabric conductivity is shown in Figure B-15 
and the test installation is shown in Figure B-16. The fabric 
sample is mounted between two 5 in x 5 in naval brass thermal 
equalizing plates, which are ground and lapped flat to within 
0.0005 in and which have a surface roughness of about 16 micro- 
inches. A 25 watt Watlow silicone rubber heater is mounted below 
the second equalizing plate. Mounted below the sample heater is a 
Transite insulation plate sandwiched between two more equalizing 
plates. The guard heater, located below the bottom equalizinag 
plate, is used to zero the temperature differential across the 
insulation plate, thereby assuring that the heat supplied by the 
sample heater flows up through the fabric sample. Edge losses 
are similarly minimized by radial guard heaters. 

The upper sample plate is constructed to exert a minimum 
pressure of 528 N/m? on the sample. Other test pressures are 
obtained by adding weights to the upper plate. Electrical power of 


5 watts supplied to the sample heater result in a typical temperature 
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drop across the fabric sample of 3°F. The temperatures in each 
equalizing plane are measured by 5 thermocouples potted into slots 
with Eccobond Solder 58C as may be seen in Figure B-17. The 
apparatus accommodates thick or multiple-layered samples; however, 
the sample equalizing plate flatness limits the minimum sample 
Ghickness to, about 0.,01 in. 

All thermocouples are monitored by a microvolt potentiometer 
(Leeds and Northrup 755-6-A Potentiometer Facility). Radial heat 
losses are sensed by monitoring appropriate temperature differences 
rather than absolute temperatures. 

Poewheat fl uxecnrougn inewtabrice saderived irom the dc-power 
measurement on the sample heater. A six digit (0.02%-accuracy) 
differential voltmeter (Hewlett-Packard 3420 B) serves to measure 
the voltage directly and the current in conjunction with a 
precision shunt (Leeds and Northrup Cat. No. 4360) whose resistance 
was measured with a Kelvin Bridge (Leeds and Northrup Model 4287-1) 
to be 0.10002 ohms. The power supply stability was found to be 


approximately 0.13%. 


b. Test Procedure 

Thermal conductivity measurements on the ten primary GIRCFF 
fabrics were conducted at three temperatures and three pressures. 
The guarded hot plate apparatus is heated up to a specific tempera- 
ture and allowed to come to equilibrium. A 5 inch, square sample 
is inserted and guard heaters are adjusted until radial and axial 
losses are less than 1% of the power passing through the sample. 


All thermocouple temperatures and the power supplied to the sample 
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heater are recorded. (An example of a typical data sheet is shown 
on the following page). The fabric is removed and the next fabric 
sample is inserted. The procedure is repeated. 

The fabric thicknesses are being measured using a micrometer 
after the conductivity measurements are made. 

The specific conductance (k/é) is calculated using the 


following equation: 


kee LU E 
ope TAT ‘aee, 
where I Current supplied to sample heater 


i Voltage across sample heater 
A 161.290 cm” 


AT Temperature drop across sample 
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DC POWER SHUNT RESISTOR 
SUPPLY DIFFERENTIAL VOLTMETER 


L/N POTENTIOMETER 
FACILITY 


THERMOCOUPLE 
f= SELECTOR 


& 


f= SWITCHES 


GUARDED HEATER CONTROL PANEL ‘GUARDED PLATE APPARATUS 


Figure B.16. Thermal Conductivity Test Installation 


EMBEDDED 
THERMOCOUPLES 


TOP EQUALIZER 
PLATE 


SIDE EQUALIZER 
PLATE 


TRANSITE SUPPORT 
BASE 


Figure B.17. Guarded Hotplate Apparatus 
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Appendix B.4 


Setchkin Furnace 


dean atroduction 

The Setchkin Furnace is a thermostatically controlled furnace 
with controlled air circulation, capable of heating small samples 
(2 x 2 in) of fabrics at specified heating rates until ignition 
occurs. The furnace, originally developed by Setchkin [B-1] and 
later developed as part of the ASTM Standard Test for Ignition 
Properties of Plastics (ASTM D1929-68) was purchased from Custom 
Scientific Instruments. The furnace served for ignition and 
melting temperature measurements and for fabric heating in the 
enthalpy measurement. The two ignition temperatures measured on 
ignitable fabrics are defined as follows. 

Self-Ignition Temperature: the lowest initial temperature 
of air passing around the specimen at which, in the absence of an 
ignition source, ignition occurs of itself, as indicated by an 
explosion, flame or sustained glow. 

Pilot-Ignition Temperature: the lowest temperature of air 
passing around the specimen at which sufficient combustible gas is 
evolved to be ignited by a small external pilot flame. 

Self-ignition occurs at the onset of spontaneous exothermic 
reactions between the fabric decomposition products and the oxygen 
which is present in the boundary layer surrounding the fabric sample. 
The oxidation gases have reached the activation energy corresponding 


to the combustible gas composition. The energy imparted on the gases 
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is the excess energy supplied from the furnace via the air surrounding: 
the sample over the energy absorbed by the sample either as sensible 
heat or during the endothermic decomposition prior to ignition. 
Consequently, the self-ignition temperature depends not only on 

the air flow rate which affects both the gas composition (oxygen 
index) and the boundary layer temperature profile, but also on the 
heating rate which dictates the time lag between furnace and 

fabric temperatures and the degree of decomposition at the time of 
sonition. 

An increase in ignition temperature with increasing air flow 
is the result of more intensive mixing which yields rather dilute 
concentrations at first during the heating process until the time 
rate of decomposition increases with rising fabric temperature. A 
decrease in ignition temperature with increasing air flow would 
indicate oxygen deficiency at low air velocities. 

Low heating rates for the furnace should result in low self- 
ignition temperatures as the difference between fabric and air 
temperatures vanishes with decreasing heating rates. The lowest 
possible air flow rate of 1.6 m/s was employed during this program. 
Finally, the flash-ignition temperature is the lowest possible 
ignition temperature due to the additional energy supplied to the 


combustion gases by the ignition source. 


b. Apparatus Description and Modifications 
A schematic of the furnace installation as used for ignition 
and melting temperature measurements is shown in Figure B-18, 


the apparatus is shown in the photograph of Figure B-19. 
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RECORDER FOR AIR AND FURNACE 
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Figure B.19. Ignition Temperature Test Installation 
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Filtered, and dryed air is metered, through the outer annulus 
wocthewturnace core™from’the top, and” passes the fabric from 
below, to leave the furnace through a small hole in the top cover. 
The temperature is automatically controlled to a preselected value 
and recorded, together with the temperature of a thermocouple touching 
the fabric, on a dual channel strip chart recorder. 

Preliminary experiments indicated the need of considerable 
modifications to improve temperature uniformity within the furnace. 
The exploratory measurements and modification are summarized as 
follows: 

Temperature profile measurements made in the main core section 
of the furnace by a five thermocouple rake revealed unexpectedly 
high temperature differences, up to 50°F from centerline to wall 
and up to 100°F from bottom to top. The reasons are insufficient 
heat transfer between purge air and furnace, heat losses to the 
Surroundings and thermometric errors due to radiation. 

At the low air flow rate of interest of 5 ft/min the resulting 
velocity distribution is not expected to be uniform. It was felt 
that the tangential introduction of air through a small copper tube 
could accentuate the flow maldistribution in the main chamber. 

The 1/4 0o.d. copper tubing was removed and replaced by a 
deadend circular tube of the same size with many small holes at its 
lower side, emitting the air downward, uniformly over the circum- 
ference. To increase the heated air passage the manifold was 


placed higher than its original position. 


ae IGG 


JE 


“4 xgt 11 piry 


7c 

Se 
+ & 
La 


; Soe7U0 


ji xcet ) eris 


- ni 
sooantuks Bris. bovenet eew paidus xegqoo .b+o BY 


ad% spvorts ,bersdod et 456 bevib bis bs 


| a 
soxeaq Bas .qot edd mor? e705 enanirTe 
| (fema » dovtowls goBaxyt edd svess o&: 


r 


44 Pellordrdo yvilssidedosum 24 ecu 3axt 


44 6 to erusetoqned od Adiw zertzarog baba 


cet 
yabsoue: Jed @iade Doaaedo Leuk 8. 7 
on to bes iff bet oo tii a stint treqxe vers cc £ 
7 ‘ rec Siw tte EeQnes arciantc os anole 
1 noi seortibom bas es tets2geaem WTO: 
i ae t st MITGRHIM © {ito os ‘ 
gouor alex siqgaqnonmzacs we e yd ODEs 
‘F B° Ce oF Fi asnata2ib smwIas 
: ; ad 
eu peobjsew ad? god as mos zod rout 1°00Ls 
wot dee ‘4 : et waa noewted & | 
be Sa ayh Storie “4 Lex aeinomcue ban ay 
42-2 26 degtesad TO siey wold tte wol 
SVT s ETL j'ai betoouxe Jon 2f mod sudissed 


femme & Sovouit tle Bo nol soubousol Isisaspae 


nies add oi aottudiadesbiaw wolz  ertg eteutae 


fi 


ieima ynen rtiw bese pnee ory to edt s81lv9o8E 
o\vu i 


it vevo Nimreitas ,biewnweb Tie sift onisisine ,el 
¥ x. ‘dl 


« i ie 


J Spezeng tis fotas ent ener Sah, oT. 


OLgs pm, isnkpexe ati rset ail 


‘ ; a 


r i 


uf 5 


nd ia 
tj v > ee vay [t= 4 eis 


w® Oe 


147 


As there is insufficient convective heat transfer between the 
incoming purge air and the outer furnace air passage to achieve 
uniform temperature it was decided to preheat the purge air. The 
preheater was made from a 3/4 in galvanized pipe of 3 ft length. 

A Briskeat, heavy insulated heating tape (768 watts capacity) was 
wrapped around the steel pipe. The preheater was insulated by a 
multilayer fiber glass insulation. To improve the effectiveness 
of the preheater, stainless steel scrubbing pads were inserted 
into the flow channel. 

With this modification, the furnace became simply an enclosure 
with radial guard heating which also serves for fine control of the 
air temperature. 

The entire furnace was heavily insulated with fiber glass 
insulation to decrease the heat losses to the surrounding air 
particularly at either end of the furnace. 

The final temperature distribution in the central chamber of 
the modified furnace was measured with a single thermocouple which 
could be traversed throughout the furnace. The distribution for 
typical operating conditions is given in Figure B-20. It can be 
concluded that the temperature distribution in the region of the 


Bagrigc 1S) Satisfactorily. uniform. 


c. Sample Holder Design 


Considerable effort has been devoted to designing a sample 
holder which will contain the sparking electrodes for the flash 
ignition tests. Neither a pilot flame nor a resistance heated 


wire at the top of the furnace ignited the gases evolved from a 
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decomposing fabric because its rate of gas evolution is very low. 
Spark electrodes were mounted near the fabric and can be inter- 
mittently operated so as to avoid fabric heating by the sparks. 

sample holders from transite, one Of@Whdich is shown in Figure B-21, 
were fabricated. However, when the holders have sufficient mechanical 
strength, they are bulky, Significant flow blockage occurs and long 
times are required for the holder to reach thermal equilibrium 

with the air in the furnace. 

The sample holder currently in use is fabricated from several 
wires, which serve as frame and electrodes, as shown in Figure B-22. 
The arc is produced 1/2 in away from the fabric. Pilot ignition 
tests have been carried out and the holder has performed satisfactorily 


throughout the series of self-ignition tests. 


d. Test Procedure 

The fabric is inserted, after mounting to the holder shown 
in Figure B-22, into the preconditioned furnace, i.e. the furnace 
in thermal equilibrium and purged with preheated air at the average 
Soreraie velocity.of 5 £t/sec (1.6 m/s) «4 Ignition €ither occurs 
within 5 minutes after insertion and then the furnace temperature 
is recorded with the previous temperature as ignition temperature 
interval or does not occur. Then there is a new sample of the same 
fabric tested at higher temperatures until ignition occurs. For 
pilot ignition tests the arcing electrodes are intermittently 


energized for a fraction of a second. 
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The drippings of melting fabric are caught in a pan-shaped 
receiver. Recorded as melting temperature is the lowest temperature 


at which melting is observed either at the fabric or in the receiver. 
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Appendix B.5 
The Integrating Sphere Reflectometer 


Se LLOCUCtLON 

Two fabric properties characterize the fabric interaction with 
the incident radiative heat flux in the Ignition Time Apparatus: 
the reflectance p and the extinction coefficient «. In order to 
properly utilize these properties it is necessary to have the 
directional and the spectral description of the incident radiative 
Heat Flux. 

The incident flux is essentially diffuse although slightly 
retarded at large angles from the fabric surface normal, as a 
result of apperture effects from the heater-shutter-sample geometry. 

At full power production, the tungsten filament temperature 
in the heating elements is approximately 3,200°K. Aside from the 
insignificant absorption by the quartz tubes surrounding the fila- 
ments, the spectral distribution is such that approximately 12 
percent of the energy falls into the ultraviolet and visible 
regions, 65 percent between the visible spectrum and the 2 um- 
wave-length, and the remainder in the far infrared spectrum. At 
one half power production the corresponding fractions are 4 percent 
and 63 percent, respectively. 

The reflectance op depends not only on the fabric geometry, 
fiber material, and treatment, but also on the source character- 
istics. The fraction of the incident flux that is reflected by 


the fabric is the total, hemispherical reflectance, where total 
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designates the inclusion of spectral variations and hemispherical 
implies the summation over all directions of both the incoming 
and the reflected energy fluxes [B-2]. 

Comcne (elacteLon Glo), thatlwenters tne fabric, one portion is 
absorbed and the rest is transmitted by the fabric. If the 
fractional decrease in intensity of a collimated beam due to its 
pessage through’ the’ absorbing fabric is proportional to the distance, 
me. -“al/. =k dx, where! the proportionality constant is the 
extinction coefficient Kk, then the absorbed portion of the diffusely 
entering fraction (l-op) of the incident flux is equal to 


-kKo/cosé 


1-2 | Sut OT COs? oe ao. = 1-2E,(K6) (B-9) 


Here, E, is called the third exponential integral and is tabulated 


in standard texts on radiative heat transfer [B-3]. Sometimes 

2E, (2) in Equation 1 is approximated by ae he which is correct for 
collimated, normal passage of the radiative flux (parallel, normal 
rays). The difference between 2E, (2) ande” is 0, 36.8 and 40.4 
percent for z equal to 0, 0.5, and 1.0, respectively, with the 
respective transmittances of tT = 1.00, 0.44, and 0.22. The absorption 
is assumed to take place in depth. Consistent with Equation B-9 

is the fractional absorptance, -dt/dx = 2k Eo (Kx), where E. (2) 

is called the second exponential integral [B-3]. 


The transmitted energy Io (1-p) 2E, (KS) can be measured to 


evaluate the extinction coefficient kK. 
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Some wide-mesh fabrics may permit a portion of the radiative 
flux to pass through the fabric without reflection and absorption. 
This screening effect, if significant enough, can be isolated by 


assembling several layers of fabrics since the energy transmitted 


without interference decays as wh with increasing numbers n of the 
fabric layers (TO designates the transmittance without interference 
of a single layer), while the transmittance after in-depth 
absorption decays as 2E, (nkL). 

Both the total hemispherical reflectance and the extinction 
coefficient have been measured in a 6 in integrating sphere reflec- 
tometer. Radiative energy from a tungsten projector lamp, capable 
of reproducing the spectral characteristics of the radiant heat 
source in the Ignition Time Apparatus, enters the spherical 
enclosure of the reflectometer and impinges on the fabric sample at 
a known angle to its surface normal. The reflected energy reaches, 
after multiple reflections within the enclosure, a detector at the 
wall of the enclosure whose output signal is essentially propor- 
tional to the reflectance of the sample. 

The reflectance is obtained relatively, through comparison of 
the fluxes reflected from a known reference surface (magnesium 
oxide) and the unknown fabric surface, and absolutely without 
reference. 

The transmittance is obtained by varying the background behind 
the sample to either permit the transmitted energy to be reflected 


by the enclosure, or to be absorbed by a black, opaque diaphragm. 
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The reflectometer yields the directional-hemispherical, total 
reflectance which can be integrated to give the hemispherical total 
reflectance. Filters and filament temperature adjustments have 
meen used to Wary the “spectral distributionginycnesrange’ ofthe 
heater variations in the ignition time experiments. The expected 
accuracy of reflecrancerand” transmittance: measurements is + 0.02. 

The optical fabric properties have been measured at room 
temperature and are expected to be temperature insensitive as are 
dielectrics in general. However, the effect of discoloration during 
charring just prior to ignition has been studied on pretreated 


samples. 


b. Apparatus,Description 
The reflectance measurement apparatus is shown in Figures B-23 
anoe.4 and consist of 
(i) the integrating sphere with collimator, thermopile and 
sample holder 
(ii) the light source with constant voltage power supply 
and rheostat 
(iii) the differential voltmeter and the strip chart recorder 
These components are described below: 
i. The integrating Sphere 
The sphere has a 6 inch inside diameter and three, 1-3/4 in 
diameter ports located in one plane and at 90° from each other. 
The sample is inserted into the front port, the thermocouple is 
mounted, flush with the spherical surface, through the second port 
opposite from the first port and the radiation passes through the 


Enird port from the 9 in long collimating tube at the left, between 
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Figure B.23. Reflectance Measurement Apparatus 
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Figure B.24. Reflectance Measurement Installation 
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the lamp and the sphere. At the lamp end is a 12 mm diameter 
Orifice and at the sphere end is an iris by which to adjust the 
irradiated area on the sample surface between 1 and 12 mm. The 
setting is marked on the outside of the tube. 

ine, thermocouple: is: a/l/3mm x 35mm rectangular array of L75 
copper-constantan wire hot junctions, backed by aluminum foil and 
mounted flush with the white face of a cylindrical aluminum block. 
In all experiments the block was mounted in the sphere so that 
the long axis of the array was parallel to the sample plane to 
Suppress direct sample-to-sensor interaction. 

Mewtabric sampleiholder design ie Shown mne@riqurewbp-25. 
The stem, Part No. 4, is inserted into a cylindrical index holder 
such that when the index holder is inserted into the sphere port, 
the circular fabric surface is centered in the sphere. The MgO 
reference holder is identical to the fabric holder except that it 
cannot be disassembled. The sphere is cooled by a 14 in fan. 

12. oe ber inoghnt Source 

A tungsten filament, glass envelope projector lamp provides 
visible and infrared radiation. The 118 vac lamp voltage supply 
is regulated within 0.1% by two Sola Type CVS harmonic neutralized 
constant voltage transformers wired in series and is controlled by 
a rheostat. The radiation from the lamp is directed through a 
movable condensor lens and an iris, both mounted on the lamp housing. 
For all experiments the rheostat was at full setting, the iris at 
~ 5mm dia. and the condensor was set to let the light converge 
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tiie § These lptical!’Bench 
An Ealing aluminum optical bench of triangular cross section 
is used to line up the light source with the reflectometer. Standard 
Supports are used for mounting the components, including an inter- 
rupting mirror between light source and reflectometer. 
iv. Instrumentation 
The signal from the thermopile is transmitted to a Hewlett- 
Packard differential voltmeter where it is amplified and its initial 
value subpressed by an opposing voltage. A Moseley two channel 


strip chart recorder records the amplified thermopile signal. 


c. Surface Dee rae lone 

The integrating sphere and the white reference sample were 
painted with a mixture of titanium dioxide and flat lacquer and then 
lightly sanded to give a flat, rough white surface. The sphere 
was then coated with magnesium oxide to a thickness of approximately 
0.5mm by burning a ribbon of magnesium, fed through a copper tube 
to the interior of the sphere. The magnesium oxide reference 
surface was coated by burning magnesium ribbon under an inverted 
jar until it was filled with smoke and by then placing the mouth 
of the jar over the reference surface and allowing MgO to settle 
onto the surface. The white, reflecting fabric background membrane, 
identified as Part No. 3 in Figure B-25, was painted and smoked 


with ~ 5mm of MgO, exactly as .the reference surface. The black 


absorbing fabric background membrane was prepared by painting it 
with 3M NEXTEL Black Velvet paint (po ~ 0.02) and then coating the 


surface with soot from an oxygen-free acetylene flame to an 
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approximate thickness of 0.2mm. The exposed copper-constantan 


wires of the thermopile were also coated with soot. 


d. Test Procedure and Data Evaluation 

The original testing procedure [B-4] was to expose the fabric 
sample to the light source, allow the thermopile to reach its 
maximum equilibrium value and then to compare the signal to that 
obtained from a similar exposure of the MgO reference. But this method 
was discarded because i) the sensor conjunction is drifting before 
equilibrium is reached, ii) convective eddies develop and distrub 
the sensor and iii) thermal emission within the sphere is not properly 
accounted for in the standard procedure. 

With the incoming radiation diverted by the mirror, the 
Sphere interior is, after sufficient time, in thermal equilibrium 
and problems (i) and (ii) above do not exist, and emission is 
balanced. As soon as radiation enters the sphere the sensor will 
respond in that the time rate of change of its signal is propor- 
tional to the energy reflected by the sample or from the empty 
sphere. Therefore the recorded slope is measured at time zero, that 
is when the mirror is swung out of the passage of light from the 
lamp to the entrance port of the sphere. This method has the 
advantages of reproducibility and of suppressing the effects of 


convection currents and thermal emission inside the sphere. The 


slope is obtained within approximately 4 seconds. 
The test procedure consists of the following 3 steps; carried 


out with both the fabric and the reference: 
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(1) The (fabric or reference) sample is placed in the sphere 
and the system is allowed to reach equilibrium while the 
lamp radiation is deflected from the sphere by the 
deflecting mirror shown in Figure B-23. 

(1i) With the opposing voltage on the voltmeter set at 130um 
the recorder is started and the deflecting mirror 
removed, admitting the lamp radiation into the sphere. 

(iii) After approximately 4 seconds the recorder chart is 
stopped, the deflecting mirror turned to deflect again 
the radiation, and the sample removed from the sphere. 

The above steps are-performed for the fabric in front of a 
white reflecting background then a black background, then the 
empty sphere, and finally the white reference sample, but not 
always in this order. The series is repeated for each fabric. 

The light source was earlier checked with the Eppley pyrometer 
as shown in Figure B-23 and found to be stable during a series of 
tests. 

The initial slope of the signal vs time curve is determined 
by using the second degree (parabolic) collocation approximation 


with subsequent differentiation 


, 4(SEMF) ,- (SEMF) , 
(SEMF) = ———-_—— (B-10) 
oO 200 
1 
where: Ty is.ssome time after 1 =.0 
To = 27) 


SEMF is the rise of the amplified sensor signal 
above the initial signal; the subscripts 1 and 2 


refer to Ty and T5 respectively, 
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snGecne Subscripts O refers tobtt i= go. The apparent. reflectance 
Os: resulting from fabric and background reflections given, 


firstly by comparison with the MgO reference, by 


(OEMF) - 


(B-11) 
(SEMF) 


' 
re 
where the subscripts f and r refer to the fabric and the reference, 


respectively. Secondly, by absolute measurement, the apparent 


reflectance is 


(SEMF) c 
o>. = ————> (B-r2)) 


(SEMF) | 

where subscript e indicates a measurement with the empty sphere. 

The reference reflectance Pp, was measured and absolutely found to be 
O.901. 

The relative and absolute reflectances are measured for each 
fabric with both a white and a black background. The black back- 
ground reflectance was determined by comparison of slopes for the 
black surface, the MgO reference, and the empty sphere and found to 
be 0.015. For each background an average between the absolute and 
relative reflectances is computer, and they are called oat: and 
Pane for the white and black backgrounds respectively. 

These average values are reflectances of the system consisting 
of fabric sample and its background. The effect of air between the 
fabric and the background is negligible and thus, the system 
reflection is composed of fabric and background reflectance, the 


latter being attenuated for each passage of the flux through the fabric: 
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(B-13) 


1-pp, 


where 9, T and Py stand, respectively for reflectance and trans- 
mittance of the fabric and for the background reflectance. Writing 
Equation 17 once for the white ire and once for the black 

(O12) backgrounds one arrives at two equations for the two unknowns 
QO, t, the fabric reflectance and transmittance. 


Solving for p one finds 


2S RES: nr ee a RC mor a 6 RR Ee (Pa) 


anc, £Or T: 


iS i eae Pawar AVC TENT On pha.) 18 PO 1 ay (B-15) 
The fabric absorptance is computed from: 
=e le Ta 0 (B-16) 
The optical thickness is found by solving 
E,(k*) = Sel ay (B-17) 
for k*. The exponential integral E, (x) is tabulated in standard 


Pairant Neat transfer texts. 
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Appendix C.1 


Literature Survey on Specific 


Heat of Fabrics 


Specific heat data found in the literature are presented in 
Figure C-l for ten different materials, each listed generically 
without regard to fabric characteristics, methods of measurement, 
erccereror wool, cotton, rayon, silk, and nvion two sources) of 
information are available. Also, specific heat as a function of 
temperature is presented for nylon; however, it is improbable 
that the same temperature variation could be expected for other 
fabrics. All of the values are greater than those of air and 
asbestos. The range of values for specific heat is even smaller 
than that for thermal conductivity, probably due to the specific 
heat being essentially dependent only on the fiber properties. 
For approximate design calculations, a value of 0.35 Btu/(lbm F) 


could be used. 
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Figure C.1. Composite of Data for Specific Heat of Fabrics 


The numbers in parentheses refer to the 
refer 
with prefix C in the Bibliography. ce te 
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Appendix C.2 


Literature Survey on Thermal 


Conductivity: ofsVabrics 


It. should be emphasized that the following literature survey 
had been conducted prior to the recognition that thermal conductivity 
plays a secondary role in the heating process of the ten primary 


GIRCFF fabrics. However, the information is nevertheless valuable. 


oka Background 
An extensive literature search for the thermal characteristics 
of fabrics has revealed considerable research since the early nine- 
teenth century (Rumford presented data as early as 1804). Numerous 
researchers have measured such quantities as "thermal insulation", 
Pthermal resistance’, "warmth" and “heat retention", all of which 
have something to do with the thermal conductivity. These quanti- 
ties are presented in such diverse units as: 
(1) tog unit: the thermal resistance which will maintain a 
temperature difference of 0.1°C with a heat 
SRN bre vane. ik wabt/me 
(2) clo unit: the insulation necessary to maintain comfort 
and a mean skin temperature of 92°F in a room 
at 70°F with air movement not in excess of 
10 ft/min, humidity not over 50%, and with a 
metabolism of 50 keal/m* 
(3) T.1I.V. (thermal insulating value): the percentage 


reduction in the heat loss from a hot surface 
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covered by a fabric, or 


Heat lost from covered hot body x 100 
Heat lost from uncovered hot body 


dies GeV iad Gide 

In principle, togs or clos can be converted to thermal 
conductivity, provided the sample thickness is specified. The 
problem, however, is that the temperature difference is an overall 
value and includes other thermal resistances besides that of the 
fabric. Data reported in the above units are not suitable for the 
present program. 

Characteristic thermophysical properties for transient heat 
transfer through chemically non-reacting fabrics are density, 
thermal conductivity, specific heat and thermal diffusivity. 
Thermal conductivity data found in the literature were usually 
obtained by a device which establishes and maintains a measurable 
temperature gradient across the fabric sample with a measurable 
heat flux through it. Some of the devices used are (1) Lee's disc 
method, (2) the Cenco-Fitch apparatus, and (3) the Guarded-ring hot 
plate method. Of the order of 100 studies on thermal conductivity 
for fabrics were reviewed. 

Figure C-2 is a presentation of thermal conductivity data 
for 25 fabrics and fibers. The full range of available data is 
shown with the generic terms such as "cotton", "wool", "silk", etc. 
All data are presented without regard to fabric characteristics, 
methods of measurement, ete. It is of considerable interest to 
Moreetnatevalics vary only from 0.013 to 02.08 Btu (hr ft. FP). 
Virtually all of the reported fabric thermal conductivity values 


Bere greater than that of air (0.014 Btru/(hw ft F)), as expected, 
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and less than the thermal conductivity of “fireproof” materials 
Sucwemas asbestos (0.095 Btu/ (nr ft F))) and Kynol (02109 Btu/ (hr ft FF). 
For approximate design calculations a mean value of 0.04 could be 
used. Eleven of the materials have values from more than one 
source, and four more materials have two or more values from one 
source. Particular interest has been shown in cotton and wool, 


two of the fabrics of interest in the present study, and many 


researchers have reported results. Their values are summarized 
ineFigures C3 and C4. 

Data scatter in the detailed presentations of Figures C-3 
anducma Can be correlated to some extent with a number of variables. 
It is clear that heat transmission through fabrics is a complicated 
process involving conduction through the fiber itself, conduction, 
possibly with convection, in the interstitial air spaces, radiation, 
and conduction through any absorbed moisture. The thermal conduc- 
tivity, as applied to a heterogenous system such as a fabric does 
not have its usual precise meaning. The following parameters, 
not necessarily independent, were considered in the literature to 
aerecre tne thermal conductivity of fabrics: 

a. fiber material 

b. density 

c. mechanical pressure 

d. moisture content 

en  cempexrature 

f. treatment 
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h. multiple layers 
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The effects of these parameters on thermal conductivity are discussed 
below. 

a. Fiber Material. The thermal conductivity of fabrics 
results from two simultaneous processes (neglecting any absorbed 
moisture): conduction through the air and conduction through the 
textile fibeus. «iSincestypical fabrics are.70-to.90 percent air, 
the thermal conductivity of the air will control the thermal 
conductivity of the fabric, especially of low bulk density fabric) 
The fiber material still has an effect on the overall conductivity, 
however. 

Several researchers Hate determined the thermal conductivity 
of textile fibers using a matrix model to infer the fiber conduc- 
tivity from the overall conductivity. Assuming the conductivity 
Olpatreto be unity, Schuhmeister’ (C-33] found the relative value 
PecoetsOurasce Ss), Lor wool 12, and for silk lL. Rubner /[c=31] 
using Schuhmeister's method of calculation, gave the conductivity 
Crewe as Of l, Of silk 19.2, and®of cotton and linen®29.97 again 
taking the value of air to be 1. While there is some disagreement 
on the precise magnitudes, these conductivity values are much 
higher for the fibers than for fabrics. Peirce and Rees [C-26] 
state that the effect of fibers on fabric conductivity is due largely 
to mechanical properties of fibers which characterize thickness 
and fuzziness of the fabric, rather than to the thermal conductivity 


Or thie fiber. 


*Bulk density refers to density of fabric as opposed to density of 
fiber. 


oixde? toe yvataqeb ‘ot arstes yitaret 


rtedd ao arosomprsq sesnt 10 S30Stue 


femyedt. ot fsisetsM szsdrct oe 


a 


90014 evosnstiumie ows mosis 
s yis ods dovoxrdd noigoubsaoo +t teu 
Yas [6d cay. eonid ~pxr8edkt BS 


tta oft ta vtivisovbaon Iai 


(£€~-9] *xetetom 72 .viiew sd oF 


—e oo: 


; s 

= ° 
a, 

. 


at 


174 


Artificial fibers can be tested with greater accuracy since 
the sample can be produced in bulk form. For nylon, the relative 
POoMmUcCeiVICy was found to be 10 [C-6]. 

b. Density. As well as being dependent to some extent on 
the seven other parameters listed above, density depends on the 


film or thread size, and weave or fiber arrangement. 


Generally the literature indicates that an increase in bulk 
density results in increase in thermal conductivity, e.g. [C-6,8,30]. 


Typical results are given in the following table: 


Table C. 1. INFLUENCE OF BULK DENSITY ON THERMAL CONDUCTIVITY OF 


FABRICS 
Material Bulk Density Thermal Conductivity 
Glpnsein) (Bit /N wat wee) 
sheet wool [C.5] Sak 020275 
sheet wool LOO 0.0326 
woo ln [,C 16°] LO A227 
wool PEO? CLO ASE 
silk 1337 0.0244 
Silk 27.4 0.0268 
silk 290 00296 
linen (mesh) LG.6 0.0382 
linen (woven) 36.8 0.0406 


Speakman and Chamberlain [C-35] suggest that weave structure affects 
the thermal conductivity only indirectly through the variations 


which it is able to cause in thickness and density. 
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MORE SiS | correlated. “thermal dnaulation™ an units 
(°C sec st ptf) with evo LUNE. Otway. une nin bs (em? ain /Acivet api c) 
He found that the dependence of thermal insulation on volume of 
air was approximately linear with the slope of unity. Bogaty [C-9] 
considered fiber arrangement in terms of fraction of fibers parallel 
and perpendicular to the surface of the fabric. He concludes that 
thermal conductivity is particularly dependent on bulk density 
as the number of fibers perpendicular to the fabric surface 
increases. Also, the thermal conductivity of the fabric is more 
sensitive to fiber arrangement as the fiber conductivity and 
density are increased. At a fixed density, the fabric conductivity 
is not very sensitive to the fiber conductivity when the fibers 
are parallel to the fabric surface, and heat conduction must occur 
through alternate layers of fiber and air. Bogaty further discusses 
the effect of mechanical pressure on the fiber arrangement, and 
hence on thermal conductivity. For smooth-surfaced fabrics such 
as cotton, nylon, and orlon, a change in pressure produces very 
little change in fiber arrangement. Thus, thermal conductivity 
increases with pressure because of the increase in fabric bulk 
density. For fuzzy-surfaced fabrics such as wool, the rise in 
pressure causes as increase in density and a change toward more 
parallel fiber arrangements, with the result that both effects 
on thermal conductivity counterbalance each other. 

c. Mechanical Pressure. Most researchers have determined 
pressure effects on thermal conductivity indirectly by discussing 
the thermal ee value (T.I.V.) or thermal resistance (togs) 


as a function of thickness which was measured at a specified pressure. 
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A direct proportionality between these quantities was reported 
ieee, 26,26 ,32, 30,001 & MolachWanivlte tha laihe=2))i mentvony direct 
pressure effects for woolen hose. With a pressure of 1/2 psi, 

Ghee ceria l Conductivity was, found! to bert 0264 Brus(he tt Py. 
Doubling this pressure caused the thermal conductivity to increase 
10 percent. 

Beyond a pressure of G.55 psi, ‘the conductivity’ was constant 
at a value 17 percent higher than the value at 1.2 psi. 

d. Moisture Content. In considering this parameter, a 
general distinction can be made between water vapor, measured as 
relative humidity of the ae surrounding the fabric, and liquid 
water absorbed by the fibers in the fabric. 

Rees [C-28] determined the effect of relative humidity upon 
heat loss using wool, cotton and rayon blankets in atmospheres of 
So5- 27h os  Joeand 68 percent relative humidity.) An aGncrease of 
55 percent in the relative humidity from 33 to 88 percent, increased 
thee eatetoss of the wool blanket by about 10 percent and that of 
the cotton blanket by about 3 percent. Here “increase in heat loss" 
can be loosely interpreted as an increase in thermal conductivity. 

The literature concerned with absorbed moisture by the fibers 
is in general agreement that an increase in moisture results in 
an increase in thermal conductivity, the magnitude of the increase 
being generally proportional to the bulk density increase [C-6,21, 
O70, o)]- we eRQod. C30] and Stathiale-3] agree: in general that (the 
thermal conductivity of wool and cotton samples increases by 1 to 


2 percent for a l percent increase in weight of the fabric due to 
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absorbed moisture. On the other hand, Lees and Chorlton [C-21] 
mecordvanl0.tos20, percent increase iineconductivityi foryanl.to 2 
percent increase in moisture. In the limit the thermal conductivity 
of saturated woolen hose (300 percent increase in weight) was 
found to be 0.221 Btu/(hr £t F) compared to the value of 0.0305 
Beuwthr ft E)sats 50 percent.urelative humidity. 

e. Temperature. The variation of thermal conductivity with 
temperature is shown on Figure C-2 for asbestos and air (see top 
Of graph). The temperature dependence for fabrics, however, is 
mentioned only by Baxter [C-6] in relation to temperature profiles 
in multiple layers. He atatned little change in conductivity 
with increasing number of layers in most cases, where an increase 
was shown, there was also an increase in temperature. The thermal 
conductivity of fabrics would be expected to change appreciably 
over the temperature range of interest for ignition studies but 
this parameter does not appear to have been evaluated in the 
literature. 

f. Treatment. Fletcher and Sherwood [C-3] show a variation 
of thermal conductivity with color (or dyeing) for rayon and wool, 


as shown in the table below. 


Table C.2 INFLUENCE OF FABRIC DYE ON THERMAL CONDUCTIVITY [C-3] 


Rayon 
Light red OS0 SSA Stayt EC) Fy) 
Dark red 0.0469 

Wool 
Dark blue 0F0452 


Light brown OF O30 
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g. History of Utilization. Fletcher and Sherwood [C-3] 
did a limited investigation of the effect of dry cleaning on 
thermal conductivity and concluded that the effect was negligible. 
Phelps, Morris, and Lund [C-2] studied extensively the effect of 
wear and dry cleaning on the thermal conductivity of flannel and 
serge. As shown in Table C-3, dry cleaning 5 or 10 times decreased 
the conductivity, however, a slight increase is noted between 10 


enawiasary cleanings’. 


Tacleec .S ee \EFRECT OF°DRY CLEANING@ON «THERMAL? CONDUCTIVITY [C=2] 


Material Treatment Ket eeu Ath teeter )) 
Planned: =8@25*pound New 0.0290 
new wool Dry clean 5 times 00266 
Dry clean 10 times 0.0266 
Dry clean 15 times 0.0290 
Serge 14 oz/yd New 0.0460 
Dry clean 5 times 0.0412 
Dry clean 10 times 00339 
Dry clean 15 times 0.0387 


Additional experiments indicated a definite effect of combined wear 


and dry cleaning; however, the trends were not consistent for the 
two fabrics. These results suggest that wear and dry cleaning 
affect different fabrics in a variety of ways, causing different 
effects on the thermal conductivity. 

h. Multiple Layer Composition. Several authors discuss the 
effect of multiple layers on thermal conductivity, but there is 


little agreement among their results. The disagreement is due to 
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a great extent to the variability of contact resistance between 

the layers. Baxter [C-6] and McLachlan et al [C-23] state that the 
thermal conductivitv varies insignificantly with the number of 
fabric layers. Morris [C-25] compared two methods of determining 
the thermal insulation (°C sec m*/cal) of multiple layers by 

adding the values for individual layers and measuring the combined 
layers. She found significant differences between the two methods, 
especially for fabrics with rough surfaces that have poor contacts 
between fabric layers. Peirce and Rees [C-26], however, found the 
thermal resistance (togs) of several layers, to be equal to the sum 
of the resistances of the separate layers, showing that the contact 
resistance was negligible. Griffiths and Kaye [C-16] compared 
several layers (up to nine) of silk fabric and found that thermal 
conductivity increases considerably as the number of layers increases. 
Rood [C-30] also determined that thermal conductivity increases 

with the number of layers. The apparent anomaly in these last 

two investigations is due partially to the reduction in the air 

gap resistance per layer as the cloth samples were stacked up. Some 
increase in pressure would also be expected with a large number of 


layers. 
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Appendix C.3 


Literature Review on Radiative 


Fabric Properties 


Total, hemispherical emittance and absorptance measurements 
have been reported in the open literature by Hartnett, Eckert and 
Birkebak [C-46] for solar irradiation and blackbody irradiation at 
350°F. Their interest was in parachute materials, nylon and 
Oscron.  SsOlan rerlectances, range “from, 0.22 to 0.60, solar absorp- 
tivities range from 0.05 to 0.19, while infrared absorptivities 
vanvercOmo0, 2 )tow.90.) Table C-or lists sntrared (blackbody 
temperature of 350°F) radiation properties for some nylon and 


dacron fabrics. 


Table C.4. RADIATION PROPERTIES FOR NORMALLY INCIDENT 
BLACKBODY RADIATION AT 350°F [C.20] 


Reflectivity Transmissivity Absorptivity 


Dacron, 100 lb tensile 


eae 0.08 Owl? eis 
800 lb tensile 
eee 02 07 OR 0S OF, 
Nylon rip-stop 
orange 1.1 oz/yd 0505 0.19 OG 
Wokte., Slhaloz/yd 0.06 OF reo ORuae 


cloth 14 oz/yd OoG 0.04 0.86 
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Spectral fabric characteristics have been measured by Dunkle, 
EnrenpurgiandsGrer [C=47] jon cotton, Linen, wool, stlk, acetate, 
armel, rayon, dacron, OFLOnM@andinvylony Spectral reflectance curves 
are presented for single and multiple fabric layers and show in 
general several steep peaks in the near infrared spectrum (mostly 
below 2 um) but flat trends in the far infrared, fluctuating about 
0.20. These results indicate spectral insensitivity for infrared 
irradiation but strongly increasing reflectivity near the visible 
Spectrum. The screening effect (see Section a above) appears to 
bese noi on vrrcant) but, colon exerts some influence. Aluminized 
cotton reflects four times as strongly as deep black cotton. 

Several reports related to optical fabric properties have 
been written under Government contracts and are presently being 


retrieved. 
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